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Various measurements have been reported on 
physical properties of solidified He*,’~* with no 
correlation between many of them. A large ex- 
change interaction between the nuclear spins in 
the solid has been predicted by Bernardes and 
Primakoff,®° and a reduction of the entropy due to 
this ordering should be apparent as a specific 
heat anomaly. The pressure dependence of this 
exchange interaction is not known, and the initial 
purpose of the present experiments was to attempt 
to ascertain whether or not it became large at high 
pressures. Solid He® is of interest also because 
it exists in a bec phase (a@He’*) at relatively low 
pressures.® This phase is anomalous in that the- 
oretical calculations have suggested that it should 
not be stable at any pressure with respect to the 
normal hcp phase (6He’).’ 

The measurements were made using a technique 
which has been described elsewhere.’ The tem- 
perature range (0.3 to 2°K) was determined at the 
lower limit by the use of a magnetic refrigerator 
and at the upper limit by heat leak through the 
lead valve which connected the calorimeter to the 
heat reservoir. Amounts of He? of up to 0.07 mole 
were compressed into a beryllium copper calorim- 
eter (0.779 cm*® volume) using pressures as great 
as 1800 bars at temperatures near the melting 
line. The temperatures were measured with an 
“Old Speer” $-w resistor which was calibrated 
against a sphere of potassium chrome alum. The 
calorimeter was kept at liquid nitrogen tempera- 
ture or below for two months during the course 
of these measurements, and the calibration of the 
resistor remained stable during this time. The 


actual quantity of He® in the calorimeter was not 
measured directly, but rather, the temperature 
of the calorimeter was monitored upon cooling 

at constant volume, and the temperatures at which 
freezing began, Ty4, and was completed, Tp, 
were noted. Liquid hydrogen was used in the 
Dewar prior to using liquid helium to obtain some 
of the smaller molar volumes. Previous data®”® 
for the molar volumes of the liquid and the solid 
along the melting line were then used to calculate 
the appropriate molar volumes for each of these 
temperatures for each run. In all cases, the mo- 
lar volumes as calculated from Ty and Tr were 
consistent to 0.1 cm*/mole. It is believed that 
this represents the uncertainty in our molar vol- 
umes, and gives some assurance that the pres- 
sures were uniform. 

The heat capacity of the empty calorimeter and 
addenda was measured at three separate times, 
and was found to be linear in temperature from 
0.3 to 1.1°K with a coefficient of 0.30(+0.01) x107° 
cal/deg* for the 45-g calorimeter. This linear be- 
havior gives confidence in the temperature scale 
in this temperature region. A rapid rise in the 
calorimeter heat capacity above 1.1°K was attrib- 
uted to heat leak through the lead valve. Thus, 
there is a basic uncertainty in our data between 
1.1 and 2°K due to this factor. 

Data were obtained for He* for 7M volumes in the 
a phase and for 10M volumes in the f phase. The 
techniques which were used were checked through 
a measurement of the specific heat of solidified 
He* at 12 different molar volumes, which could be 
compared with previous work.’® A plot of C/T vs 
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T?, as corrected for the calorimeter, indicated a 
low-temperature anomaly for both He®* and He* of 
about 15 to 20% of the empty calorimeter value 
which appeared as a finite extrapolated value of 
C/T at T=0. This appeared in runs where the 
other specific heat contributions were small, and 
its cause is not known. The values of the Debye 6 
which are given in Fig. 1 were determined from 
these plots by ignoring this contribution, since a 
comparison of our He* data with those of Dugdale 
and Simon’® (also shown in Fig. 1, where 6/2 has 
been plotted for He* to separate the curves) showed 
good agreement using this pragmatic approach. 
Thus, we must postulate a low-temperature anom- 
aly (whose extent varies somewhat with molar vol- 
ume) which occurs either in our calorimeter when 
it contains a sample, or in both He* and He*. This 
effect must be investigated further, with larger ra- 
tios of sample to empty calorimeter specific heats. 
The inclusion of an additional linear term to the 
heat capacities will not change the general features 
of Fig. 1. 

The Griineisen constant y = -d 1n@/d InV is the 
same for both phases of He* and He* within experi- 
mental accuracy. The difference between our @ 
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MOLAR VOLUME (CM™/MOLE) 
FIG, 1. The volume dependence of the Debye @ for 


both phases of He® and He‘, 0/2 is plotted for He‘ for 
clarity. The dashed line represents an extrapolation 
of the data of reference 10 to low temperatures. 
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values and those of Dugdale and Simon may be dy 
partially to the fact that their data, which were ob. 
tained at higher temperatures, did not obey a De- 
bye relationship, and a comparison could be made 
only by extrapolating their data to very low temper 
atures. The falling off of the higher 6’s for BHe® 
is probably an experimental effect due to lack of 
precision in our data. Both He* and BHe® have the 
same (hcp) structure in this temperature and pres 
sure region, so a direct comparison can be made 
of their Debye @’s. The observed ratio of 6,/6, 
=1.19 is quite close to the value (4)°°°=1.16 which 
the elementary theory would predict. Bernardes 
has calculated 6 values for both He* and SHe* 
which are about 10% higher than we observe.’ 

The a-f phase transition is seen easily in Fig. 
1, where a difference in @ of about 6°K (roughly 
20%) is indicated for the two phases. The phase 
transition was not observed directly in the specif- 
ic heat measurements because of the small vol- 
ume difference between the phases. The @’s of 
He* and aHe® are almost identical, which is prob- 
ably fortuitous. 

The most interesting feature of these measure- 
ments occurs in the aHe® phase. A positive and 
very large deviation from a T® specific heat de- 
pendence is found for this phase with increasing 
temperature, and exists up to the melting line 
for at least the larger molar volumes. This de- 











viation is a function of volume, and can be ex- 
pressed in terms of a characteristic temperature 
o(V). C/R is given as a function of T/¢ in Fig. 
2, where the apparently linear dependence of ¢ 
on volume also is shown. The solid curve gives 
the Einstein specific heat for a system with a 
characteristic temperature ¢ and two degrees 
of freedom, which would be typical of an excitation 
from a ground state to a doubly-degenerate excited 
state. The data do not extend to sufficiently high 
values of T/¢ to detect the existence of higher ex- 
cited states, if any exist. 

There is little evidence of this effect in previous 
data. The anomalies in the nuclear susceptibility 
occur at much lower temperatures,” and might be 
associated with our low-temperature “anomaly.” 
Thermal conductivity measurements’ show unusual 
behavior in the aHe* phase above roughly 1°K, bu 
the relationship of these data with the present 
measurements is not obvious. Because of the lak 
of evidence from the nuclear susceptibility meas- 
urements, this Einstein-type contribution to the 
specific heat most likely is associated with the bet 
structure of the a phase. This structure should 
not be stable with respect to the close -packed 














contr 
heat | 
capac 
ter a 
tion | 
from 
data 1 
The i 
pendeé 
istic 
volun 
curve 
ical I 
speci 
with ¢ 
ko be 
state 
erate 








, 196] 
be due 
vere ob- 
a De- 
e made 
| temper 
 BHe’ 
ck of 
ive the 


id pres- 


made 
3/4, 

} which 
ardes 
e3 

e. 
1 Fig. 
ighly 
hase 
specif- 
vol- 
s of 

3 prob- 


7 


sure- 
> and 
t de- 
ising 
ine 
s de- 
eX- 
rature 
Fig. 
of 
fives 

a 

eS 
citation 
excited 
r high 
ner ex- 


revious 
ibility 
ght be 
aly.” 
unusual 
K, but 
nt 

he lack 
meas- 
) the 
the bet 
ould 
ed 





VoLUME 7, NUMBER 10 


PHYSICAL REVIEW LETTERS 





NoveMBER 15, 1961 




















L 1 
22 23 





24 25 



















- 
14-— 

FIG. 2. The anomalous i2- 
contribution to the specific ' 
heat of aHe*®, The heat ioe: - 
capacity of the calorime- baal 
ter and a Debye contribu- I 
tion have been subtracted a a 
from the experimental 
data to obtain this plot. % $5 20 rT 
The insert gives the de- ~ in Vv (CM>/MOL) 
pendence of the character- " 4 V=245 ¢ 
istic temperature ¢@ on = . a + op ¢ 
volume, and the solid eo Ws ve 21.6 y 
curve shows the theoret- > — ey 
ical Einstein (or Schottky) oO vs 19.8 $ 
specific heat for a system 
with an energy difference 
ko between the ground O 
state and a doubly-degen- le Ze 
erate excited state. 06 


structures,’ and its very existence is probably 
indicative of unusual properties of this solid. 
There is a suspicion that the third phase of He* 
is also bec," and measurements on this phase 
would be interesting, but also very difficult due 
to its location and limited extent on the phase di- 
agram. 

A more complete discussion of this work will 
appear elsewhere. The authors are indebted to 
H. H. Sample who took and analyzed the He* data, 
and to R. Phillips and M. Yetley who assisted in 
the analysis of all of the data. Appreciation also 
is expressed to Dr. N. Bernardes for many stim- 
ulating discussions on this problem. 





‘Contribution No. 1080. This work was performed in 
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MAGNETIC PROPERTIES OF He* AT PRESSURES NEAR THE MINIMUM IN THE MELTING CURVE* 





A. C. Anderson, W. Reese,t and J. C. Wheatley? 
Department of Physics, University of Nlinois, Urbana, I[linois 
(Received October 13, 1961; revised manuscript received October 30, 1961) 


Recent measurements of the specific heat’ and 
the velocity of sound’ of He® at pressures slightly 
above the minimum of the melting curve, Pin, 
and temperatures below 0.1°K have shown depar- 
tures from the behavior of both the liquid at pres- 
sures less than Pmin and the solid. The purpose 
of this Letter is to report measurements of mag- 
netic properties of He® in this region of the phase 
diagram which also indicate anomalous behavior. 

In these measurements the self-diffusion coef- 
ficient, D, the transverse relaxation time, T,, 
and the magnetic susceptibility, x, were measured 
by the use of the method of spin echoes using the 
apparatus and techniques described elsewhere.** 
The longitudinal relaxation time, T,, was esti- 
mated by observing the time necessary for the 
magnetization to recover after having been de- 
stroyed. The thermometer used was the same 
magnetic thermometer described in reference 3, 


and was calibrated by measuring the self-diffusion 


coefficient at temperatures less than 0.1°K and a 
pressure of 13 cm Hg and comparing with the re- 
sults of reference 3. 

When working at pressures greater than Pin, 


a plug of solid He* was formed in the tube through 
which the pressure was applied to the sample so 
that the pressures quoted refer to the pressures 
at which the plug formed and not necessarily to 
those of the sample at the temperatures at which 
the measurements were being made. Although the 
exact region of the phase diagram in which these 
measurements were carried out is not known with 
certainty, it is probable that the present measure- 
ments were made in the same region of the phase 
diagram as the measurements of specific heat and 
velocity of sound since a similar technique was 
employed in each case. 

The principal results of these measurements 
are as follows. At a pressure of 28.9 atm, below 
Pmin, the liquid behaved in a manner similar to 
that of the liquid at lower pressures; the diffusion 
coefficient increasing with decreasing temperature, 
being 2.6x10~* cm?*/sec at 0.033°K, T, being great- 
er than 0.75 sec, T, being of the order of 10 sec, 
and the susceptibility being nearly constant with 
temperature. At 29.5 atm, a pressure slightly 
greater than P,,jn, this. behavior changed greatly. 
The diffusion coefficient became too small to be 








7 Tt T TF Li T T Tt tT ° 
|} * 289 ATM LIQUID 4 
° 350 ATM SOLID 
S 329 ATM ” 
‘So 318 ATM Bs 
Vv 30.9 ATM 7 
+ 29.5 ATM, 29.6 ATM 
x 
4 
LO} he “ 
L a ” 
o 
L e Vv 
o 
of Vv ¥ J 
r) . 4h 
+ 
a5+— aad ++ ial 
o 
b ++ 
+ 
+ x x 
x x x 
2 
} 4 
1@] iL iL 4. =’ L L. 





FIG. 1. Susceptibility 
of He®, x, in arbitrary 
units vs 1/T. The points 
4 are averages of the raw 
data at each temperature. 
The solid line represents 
the best Curie law fit to 
the 35.0-atm solid data. 
v The pressures for all but 
the 28.9-atm liquid data 
are the pressures at which 
the plug of solid He? was 
initially formed. The 
data for 29.5 atm and 
29.8 atm are shown with 
the same symbol since no 
difference could be dis- 
tinguished between them. 
Quite possibly this is the 
result of irreproducibility 
in the process of forming 








the plug. 
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measured with the present apparatus, being less 
than 5x10~* cm?/sec, while T, decreased to 0.34 
+ 0.02 sec and T, decreased to be of the same or- 
der as T,. At 0.033°K the susceptibility was a fac- 
tor of 2 larger at 29.5 atm than at 28.9 atm and 
displayed a considerably different temperature 
dependence at the higher pressures from that of 
the liquid below P,,jn- No difference in T,, T,, 
or D could be observed either upon further in- 
creasing the pressure or by heating the He® to 
temperatures where the solid phase should exist. 

A portion of the susceptibility data is shown in 
Fig. 1. It should be noted that in addition to the 
change in behavior of the susceptibility between 
28.9 and 29.5 atm, the susceptibility obeyed 
Curie’s law much better at pressures of 32.9 atm 
and above than at lower pressures. It is interest- 
ing to note that in the region between 29.5 atm and 
31.8 atm the susceptibility seems to break away 
from Curie’s law near the temperatures where the 
melting curve of Edwards et al.° would predict the 
solid-liquid phase boundary to occur if the pres- 
sure of the sample were that at which the plug was 
formed. 

In view of the measurements of specific heat, 
sound velocity, susceptibility, T,, T,, andD, it 


appears that the nature of He® in the region of the 
phase diagram of pressures greater than Pin 
and temperature less than about 0.1°K is not under- 
stood. It is possible that a new phase of solid, 
rather than liquid, exists in this region, although 
further experimentation will be necessary to es- 
tablish such a fact. 

We wish to thank Mr. W. R. Abel, Mr. M. Kuch- 
nir, and Dr. G. L. Salinger for help in making the 
measurements. 
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BEHAVIOR OF STRONGLY SHOCKED CARBON* 


B. J. Alder and R. H. ChristianT 
Lawrence Radiation Laboratory, University of California, Livermore, California 
(Received October 13, 1961) 


This Letter gives evidence for the conversion 
of graphite to the diamond phase when it is sub- 
jected to strong, explosively generated shocks. 
Furthermore, the data lend support to a further 
conversion at still higher pressures to a new, 
higher density phase of carbon, presumably the 
close-packed metallic liquid. 

The initial material was, in the majority of the 
experiments, natural graphite from Ceylon of very 
high purity which was pressed into suitable uni- 
form-density pellets of about 95% of theoretical 
density. Some work was done with commercial 
graphite, which has a density of 75% of theoretical. 

The samples were mounted on an aluminum 
plate, and by optical means’ both the shock and 
free surface velocity of carbon and aluminum 
were determined. The measurements on the alu- 
minum standard could then be used to determine 
the pressure-volume point of carbon from its 





measured shock velocity. This is a more relia- 
ble procedure than the use of the free surface 
velocity when the material does not have a sim- 
ple behavior. The data are presented in Fig. 1, 
where the specific volume has been used to avoid 
artificial corrections due to varying initial densi- 
ties. However, a correction to the pressure or 
volume still needs to be made for the increased 
energy content resulting from a greater change 
in volume of an initially low-density sample. 
This correction is insignificant except for sam- 
ples of 3 theoretical density. 

The shock data at low pressures agree with the 
x-ray determination of crystal densities under 
pressure” as shown by the triangles in Fig. 1. At 
somewhat higher pressures the static data of 
Bridgman*® are indicated by squares in Fig. 1. 
Again the agreement is good if those data are 
corrected for the alleged error in the pressure 
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FIG. 1. The Hugoniot equation of state of graphite. 
A-x-ray determination of crystal densities under pres- 
sure’; 0 —static data of Bridgman’; x— results for 
sample of low initial density; e—results for samples 
with initially higher density; dashed line— extrapolated 
static compressibility curve of diamond. 


scale.* Furthermore, there are eight additional 
shock experiments available below 0.3 megabar,° 
which are not shown on the graph. These unpub- 
lished data are in excellent agreement with the 
present work. 

The Hugoniot below about 0.18 megabar is well 
behaved in that the rarefaction velocity, calculat- 
ed as the difference between the measured free 
surface velocity of the carbon sample and the par- 
ticle velocity obtained from the matching condi- 
tions at the aluminum-carbon interface, indicates 
that the graphite sample rarefies to the theoreti- 
cal density of graphite. Above that pressure, how- 
ever, the free surface velocity is such that the 
final density is greater than that of crystalline 
graphite. Furthermore, in the region between 
0.18 megabar and 0.4 megabar the free surface 
velocity is dependent on the thickness of the sam- 
ple. This phenomenon is a characteristic of a re- 
laxation process of duration comparable to shock 
transit times. The interpretation of the free sur- 
face data is thus consistent with partial conver - 
sion of graphite to diamond; the larger graphite 
samples have more time to convert and the rare- 
faction leads to a density intermediate between 
graphite and diamond. The thickness variation of 
the free surface velocity in the 0.3-megabar ex- 
periments is such that an infinitely thin sample 
would rarefy to crystalline graphite and a }-inch 
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sample is about 40% converted. The curve be- 
tween 0.18 and 0.4 megabar has thus been drawn 
lightly to indicate that the Hugoniot obtained might 
depend on the initial conditions such as density, 
temperature, and thickness of sample. It can be 
noted that the low-initial-density sample (indicat- 
ed by crosses) at slightly above 0.3 megabar has 
a higher final density consistent with a higher 
fraction of conversion because of a larger energy 
content (temperature) than the samples with ini- 
tially higher density (indicated by circles), al- 
though the uncertainties in the measurements from 
low-density samples are larger. At 0.2 megabar 
where the fraction converted is small, the low- 
and high-density samples give the same results. 

The temperature at 0.18 megabar can be esti- 
mated as only 500°K by taking account of adiabat- 
ic and of irreversible heating. The temperature 
estimates given here are very rough due to uncer- 
tainties in the thermodynamic data® and tempera- 
ture-dependent heat capacities. Although static 
data indicate that under these conditions diamond 
is the stable phase,’ the reaction time would be 
expected to be extremely long if indeed it were 
at all possible to affect the direct conversion by 
the mechanisms considered statically.* As with 
other transitions observed under shock, particu- 
larly in the various forms of phosphorus,° the 
rapidity of reaction under shock seems to be con- 
nected with the extremely large shear forces in 
the shock front. When the pressure is released, 
on the other hand, by an adiabatic rarefaction, 
the temperatures are so low that a reconversion 
is not expected from statically determined reac- 
tion rates. It is thus not surprising that recovery 
of shocked graphite has shown diamond to be pres- 
ent.!°!2 

A definite break in the Hugoniot curve can be 
observed at 0.4 megabar when the graphite has 
been shocked to a density exceeding that of pure 
diamond under normal conditions. The presump- 
tion then is that conditions have been achieved 
where the reaction rate is such that less than a 
microsecond is required for nearly complete con- 
version to diamond. The slope and position of the 
curve between 0.4 and 0.6 megabar supports this 
view since it is in reasonable agreement with the 
extrapolated static compressibility curve of dia- 
mond (dashed line) The static curve actually lies 
at about 5% higher densities, but this could be 
due to many causes such as corrections for 
change of compressibility with pressure, uncer- 
tainties in the static compressibility’ itself, 
temperature corrections, and incomplete con- 
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yersion; all of these tend to give corrections in the 
proper direction. The temperature at 0.4 megabar 
is estimated to be 800°K if to the previously men- 
tioned energy contributions the further uncertain 
heat of conversion is added as obtained by a large 
extrapolation of static data.° The temperature at 
0.6 megabar is then estimated to be 1300°K. It is 
unfortunate that due to the high shock velocity in 
diamond the free surface velocity measurements 

in the geometry utilized were not interpretable so 
that it is not possible to determine the density upon 
rarefaction, but it is expected to be diamond densi- 
ties. 

At 0.6 megabar the shock velocity in the graphite 
becomes insensitive to pressure. This is charac- 
teristic of the two-shock structure associated with 
a phase change in which only the leading shock is 
recorded. The data at yet higher pressure give 
an indication of the Hugoniot of the new phase. 

The data show a relatively large scatter since 
the pressure is near the upper limit of the pres- 
ently used technique; hence the line is drawn 
lightly. The data points at 0.7 megabar scatter 
since they are still in the double shock region. 

The volume change (15%) associated with the 
transition is quite large. It is similar to the 
transition which has been observed in isomor- 
phous germanium both statically’* and dynamical- 
ly..°> Dynamically it was found that the volume 
change is comparable, and statically that it was 
associated with the breakdown of the loosely 
packed diamond lattice into a metallic, close- 
packed liquid. Since the volume change is com- 
parable in germanium and carbon and since the 
entropy change upon melting involving similar 
structural changes can also be expected to be com 
parable, it is possible to use the experimental 
melting temperature dependence with pressure 
for germanium (corrected for the change in static 
pressure scale) to determine the melting point 
for diamond at low pressures—namely about 





4000°K. This is in agreement with static expec- 
tations. Again the initially low-density samples 
should transform at lower pressures as the data 
confirm. The two crossed points in the 0.5- to 0.6- 
megabar region lie approximately on the extension 
of the top section of the Hugoniot. These low-densi- 
ty points are, however, approximate as the cross 
slightly above 0.4 megabar indicates, since in that 
region the results should not strongly depend on 
temperature. 





*This work was performed under the auspices of the 
U. S. Atomic Energy Commission. 
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MAGNETORESISTANCE OF TRANSITION METALS IN THE HIGH-FIELD LIMIT 


* 
E. Fawcett 
Physics Department, Royal Radar Establishment, Malvern, England 
(Received October 16, 1961) 


Information about the electronic structure of a 
metal may be obtained from a study of its mag- 
netoresistance in the high-field limit, in which 
WoT > 1 for all cyclotron orbits on all sheets of 
the Fermi surface, w, being the cyclotron fre- 
quency and 7 the relaxation time averaged over 
the orbit. In odd-valent metals the resistivity 
tends to saturation as the high-field limit is ap- 
proached, except for field directions such that 
open orbits on a multiply-connected sheet of the 
Fermi surface contribute to the conductivity, in 
which case the resistivity approaches quadratic 
variation with the magnetic field. In even-valent 
metals the cancellation of the linear Hall term in 
the conductivity tensor due to the equal numbers 
of electrons and holes leads to quadratic variation 
for general field and current orientations. This 
remains true for multiply-connected surfaces, 
but open orbits nearly perpendicular to the cur- 
rent direction will now lead to saturation for the 
corresponding field direction.’ 

The extension of these ideas to the transition 
metals is by no means obvious, if only for the 
simple reason that the chemical valency will not 
in general equal the number of conduction elec- 
trons, i.e., the number of occupied states in 
partially filled Brillouin zones. However, it is 
proposed here that this number is always odd or 
even as the atomic number” Z. This hypothesis 
appears to be true for the nontransition metals,’ 
and for the transition metals it is supported by 
new experimental results for high-purity single 
crystals of Mo, Nb, and Ta. These are illustrated 
in Fig. 1, together with published data for W,° 


Table I, Published data for the transition metals. 





Z Lattice 


tT (°K) 8 (°K)* Sample axis 





4° to (001) 
near [110] 
random 
near [111] 
near [001] 
10° to [001] 
polycrystal 
polycrystal 


42 bee 1570 
41 bee 340 
73 bee 208 
74 bee 1405 315 
465 315 
1400 225 
395 4.2 (240) 
500 (370) 


2.16 380 


250 
230 


78 fee 


45 fee 





See reference 7. 
See reference 3. 
See reference 4. 
See reference 5. 
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Pt,*»® and Rh.® (See Table I.) The even-Z metals 
Mo, W, and, for general field and current orienta- 
tions, Pt exhibit approximately quadratic variation 





























Hr kgauss 


FIG, 1. Magnetoresistance of transition metals. The 
fractional change in resistivity, Apy/p9 =(py- po)/ho 
is plotted against reduced magnetic field Hr, where 
T =po(8p)/Po(T) and @p is the Debye temperature 
(Kohler diagram). The exponent m in the expression 
Apy/py=CH™ is shown when the logarithmic plot is 
linear at the highest fields. 
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of the resistivity with field which indicates an even 
number of conduction electrons, while the odd-Z 
metals Nb and Rh approach saturation at the high- 
est fields. For Ta (odd Z) the highest reduced 
field® Ht achieved may still be too low to show the 
onset of saturation. 

Single crystals of Mo with current directions 
near [001], [112], and [110] have been measured 
in a transverse magnetic field. As the field is 
rotated about the current direction the resistivity 
exhibits a marked anisotropy, which is illustrated 
for a [001] sample in Fig. 2. The field dependence 
of the resistivity is measured in the direction of 
minima and maxima, and is always linear on a 
logarithmic plot at the highest fields (as illustrated 
for the [001] sample in Fig. 1), the exponent m 
ranging from 1.75 to 2.04. The absence of cusp- 
like minima with saturating resistivity shows that 
open orbits do not occur, which suggests that all 
sheets of the Fermi surface are simply connected. 
Further, this behavior being characteristic of 
even-valent metals for which w,7>>1 for all 
sheets, it is probable that the mobilities of charge 
carriers in the s and d bands are of the same 
order of magnitude. The same conclusions are 
true for W, and the close resemblance of the ani- 
sotropy of its magnetoresistance® to that of Mo 
suggests that the shape of the Fermi surface is 











180° 


FIG, 2. Anisotropy of the magnetoresistance for Mo 
and Pt.4 Mo—outer curve, H=31.3 kgauss, T = 2.16°K; 
Pt (reference 4)—inner curve, H=23.5 kgauss, T 
=4,2°K, The data for these samples are given in Fig. 
land Table I, where the field dependence of the re- 
Sistivity in the directions Pmax 20d Pmin is illustrated. 


very similar for the two metals. 

The anisotropy of the magnetoresistance for the 
[001] sample of Pt,* shown in Fig. 2, is also super- 
ficially similar to that for Mo. But for Pt there 
is a cusp-like minimum when the field is in the 
[100] direction, where the resistivity saturates 
as illustrated in Fig. 1 (curve pyjn)- For the 
other field directions the resistivity rises approx- 
imately quadratically at the highest fields (curve 
Pmax): This behavior indicates an even number 
of conduction electrons with one (or more) sheets 
of the Fermi surface multiply connected and giving 
rise to open orbits for appropriate field directions. 

The resistivity for both the Nb and Ta samples 
in a field H ~30 kgauss is isotropic to within a few 
percent, indicating closed Fermi surfaces. The 
odd-valent behavior of the Nb samples is not con- 
clusive evidence of a noneven number of conduc- 
tion electrons, since the high electronic specific 
heat suggests that the effective mass of charge 
carriers in the d band is high so that perhaps 
wT <1 even at the highest fields. Measurements 
on purer samples or at higher fields showing con- 
tinued saturation of the resistivity for Nb and other 
odd-Z metals would confirm the proposed correla- 
tion between Z and the number of conduction elec- 
trons. 

The author is indebted to Mr. J. A. Belk (Arma- 
ments Research and Development Establishment, 
England) for supplying two Mo samples and to 
Dr. J. G. C. Milne (University of Bristol, England) 
for the Ta sample. Other Mo samples and the Nb 
sample were supplied by Metals Research Ltd., 
Cambridge, England. Mr. W. H. Mitchell provided 
helpful technical assistance. 





*Present address: Bell Telephone Laboratories, 
Murray Hill, New Jersey. 

'E, Fawcett, Phys. Rev. Letters 6, 534 (1961). 

*This statement is strictly correct only for metals 
having simple translation lattices, as have all the 
metals considered here. For a metal having s atoms 
in the primitive unit cell sZ determines the even- or 
odd-valent character of the magnetoresistance. For 
example, Ga, which is trivalent with Z =31, has an 
orthorhombic lattice withs =8. Thus sZ is even and 
the resistivity correspondingly increases quadratically 
to the highest fields for general field and current orien- 
tations [J. Yahia and J. A. Marcus, Phys. Rev. 113, 
137 (1959)]; Professor Marcus informs the author that 
recent measurements by W. A. Reed show a saturating 
resistivity indicating open orbits for some orientations). 

33. De Nobel, Physica 23, 349 (1957). 
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cyclotron effective mass and Tp the electron relaxation 
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EXPERIMENTAL EVIDENCE OF BIREFRINGENCE BY FREE CARRIERS IN SEMICONDUCTORS 


K. J. Schmidt-Tiedemann 
Philips Research Laboratory Hamburg, Hamburg, Germany 
(Received October 9, 1961) 


Recently it has been proposed’ that the free car- 
riers in a semiconductor should exhibit optical 
birefringence if their effective mass, averaged 
over the ensemble of carriers, is anisotropic. It 
is the purpose of this Letter to present experimen- 
tal evidence of this effect. 

In general, the free carriers in a semiconductor 
make a contribution, due to their polarizability, 
to the relative dielectric constant of the crystal 
which, in the infrared region, is given by 

én ~(e?/€)w*)n(1/m). (1) 
Here e is the electronic charge, €, the dielectric 
constant of free space, w the angular frequence of 
the light wave, n the carrier density, and (1/m) 
the average of the reciprocals of the effective 
masses of the carriers. Equation (1) is based on 
several approximations which are discussed by 
various authors.?™ 

The average effective mass can be made ani- 
sotropic, for example, by disturbing the equi- 
population of the sub-bands in a many-valley semi- 
conductor by means of an electric or a strain field. 

The present experiments have been carried out 
with strained n-type germanium. The free-carrier 
birefringence should reveal itself by a contribution 
to the stress optical constant Q,,, which is given 
by 


Qag= 4/aX. (2) 


Here A is the relative phase shift of the two light 
waves in the crystal, d the thickness of the crystal 
in the direction of the light beam, and X the mag- 
nitude of an uniaxial tensile stress in the (111) 
direction. The wave normal of the radiation must 
be perpendicular to the stress axis. The other 
stress optical constant, Q,,-Q,., should, to a first 
approximation, remain unaltered by intervalley 
transitions. The free-carrier effect enters into 
this quantity only by an isotropic change of the 
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refractive index of the crystal. 

In order to obtain an expression for the contri- 
bution of the free carriers to the birefringence of 
the strained crystal, we started with Eq. (1) and 
evaluated (1/m) by the usual deformation poten- 
tial formalism. Then we evaluated the stress 
optical constants from the anisotropic part of the 
dielectric tensor.® It turns out that the stress 
optical constant Q,, is the sum of a contribution 
due to the lattice, denoted by Qn”, and a free- 
carrier part according to 


L al 
Que= Qn “ANT Fip'(to)/Finlto)s 8) 


where 


=o? “— pms 2 
A=e [Gn 9/m )) (m9/m DIES 44/86 mE pm oc kn). 


(4) 


Here T is the absolute temperature, m, the free- 
electron mass, mz and mj] the transverse and 
longitudinal effective mass, respectively, =,, the 
deformation potential constant and S,, the elastic 
compliance for uniaxial shear, c the velocity and 
the vacuum wavelength of the light, k the Boltz- 
mann constant, and n, the refractive index of the 
doped crystal. F,,.(7,) is the Fermi integral? of 
order 1/2, and the argument », is the position of 
the Fermi level with respect to the conduction 
band minima in the unstrained crystal. F,,' is 
the derivative of F,,.. In the limiting case of 
small electron densities or high temperatures 
Maxwellian statistics applies, and in Eq. (3) the 
factor F,,.'/F y, is then replaced by unity. Ab- 
sorption effects by free carriers have been neg- 
lected in the above analysis. 

For the numerical calculations, the following 
values for the parameters involved have been 
used: 1.435x107* kg™ cm? for the elastic com- 
pliance S,,,” and the cyclotron resonance values’ 
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for the effective-mass parameters. 

The measurements were carried out with in- 
frared radiation of a vacuum wavelength of 
2.2+0.05 yu. The thickness d of the n-type ger- 
manium samples in the direction of the light beam 
was 2mm. An uniaxial tensile stress up to 300 
kg/cm? was applied along the (111) direction. The 
phase shift was detected by means of a Senarmont- 
type compensator, and Q,, was derived from Eq. 
(2). Details of the apparatus have been given else- 
where.® 

Figure 1 shows the experimental results. The 
uppermost curve (1), taken from an undoped sam- 
ple, represents the normal photoelasticity of the 
germanium lattice which is nearly independent of 
temperature. The following curves are enumerated 
in the order of increasing doping density. 

In order to check the quantitative agreement be- 
tween theory and experiment, the carrier density 
n has been determined by Hall measurements. 











Qzz [deg cm/kg] 


Theory: 
— Fermi Distribution 

\ 
---Maxwell Distribution *. 


| l l l i\S l 
2 4 10 1000 


T 











FIG. 1. Temperature dependence of the stress op- 
tical constant Q,, for n-type germanium samples of 
different carrier densities. The curves are denoted 
by the same numbers as their corresponding samples 
in Table I, The full lines are theoretical curves cal- 
culated from the data given in Table I by means of 
Eqs. (3) and (4). For the sake of clarity, the curve 
corresponding to sample (4) has been omitted. The 
broken line represents a calculated relationship cor- 
responding to sample (5) assuming a Maxwellian car- 
rier distribution function. 


Additionally, it has been calculated from the re- 
sistivity using the resistivity vs carrier density 
relationship established by Furukawa! by means 
of Hall measurements. The ratio of Hall to drift 
mobility has been set equal to 0.926 for the sam- 
ples (2) and (3) corresponding to Maxwellian sta- 
tistics, and equal to 0.784 for the samples (4) 
and (5) corresponding to strong degeneracy." 
The influence of impurity scattering, though pre- 
sumably not negligible in this range of carrier 
densities, has not been taken into account. 

From these carrier density values and the meas- 
ured stress optical constants, the deformation 
potential constant =, has been calculated by means 
of Eq. (3) for a lattice temperature of 90°K. The 
results as given in Table I yield a value of 18.9 
+1.7 ev, which is in fair agreement with Fritz- 
sche’s value of 18.5 ev determined from piezo- 
resistance measurements.” Additionally, the full 
curves in Fig. 1, which have been calculated from 
Eq. (3) using corresponding values of n and =,,, 
give a satisfying representation of the tempera- 
ture dependence of Q,,. We regard this agree- 
ment between theory and experiment as a con- 
firmation of the proposed concept of free-carrier 
birefringence. 

If the Maxwellian approximation is introduced 
for the carrier distribution function, we get a 
good fit for the sample (2). However, this ap- 
proximation obviously fails to apply for more 
strongly doped samples, as can be seen from the 
broken line in Fig. 1 which corresponds to sam- 


Table I. Resistivities p in 107 ohm cm, carrier 
densities ny in 10'® cm-’, and deformation potential 
constants =, in ev as derived from birefringence 
measurements, for different n-type germanium sam- 
ples. All data are taken with antimony-doped samples. 





= C = d 


Sample ” 





(1) >108 
(2) 17.7 
(3) 7.3 
(4) 5.1 
(5) 4.6 


20.6 
17.8 
16. 4° 
17.2 


0.20 
0.89 
1.26 
1.33 








4 Author's Hall measurements. 


(Furukawa’s data (reference 10). 
Calculated from values of nz, given in the third 
column, 
Calculated from values of ny given in the fourth 
column, 
This sample showed strong inhomogeneities of 
impurity distribution. 
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ple (5) assuming Maxwellian statistics. 

In these considerations, no explicit dependence 
on temperature of the carrier density has been 
taken into account. This is, at least for the sam- 
ples (4) and (5), justified by the fact that the donor 
ionization energy tends to disappear for donor 
densities of the order of 10'* cm™, 

Extending these measurements to longer wave- 
lengths would increase their sensitivity as well 
as their accuracy for two reasons: First, the 
free-carrier effect increases proportionally to 
as long as relaxation effects may be neglected; 
and second, the lattice birefringence decreases 
as )* in the absence of dispersion. Thus an im- 
provement of the ratio of the electronic to the lat- 
tice contribution to birefringence proportional to 
»? can be obtained. Experiments in this direction 
are in progress. 

The author is indebted to Professor D. Polder, 
Dr. H. J. G. Meyer, and Dr. N. J. Harrick for 
stimulating discussions, to Miss I. Ruether and 
D. Restorff for carrying out the optical and the 


Hall measurements, and to A. Hauptmann who 
prepared the crystals. 
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INTERPRETATION OF THE ELECTROMAGNETIC RADIATION 
FROM ELECTRON PASSAGE THROUGH METAL FILMS 


V. P. Silin and E. P. Fetisov 
P. N. Lebedev Physical Institute, Moscow, U.S.S.R. 
(Received October 18, 1961) 


Recently two interesting experiments’ were 
published, in which the electromagnetic radiation 
arising from the passage of fast electrons (25 kev) 
through thin (450-1500 A) silver films was inves- 
tigated. At the light wavelength A =3300+ 100 A, 
the spectral distribution of the radiation was found 
to have a comparatively sharp peak. The strength 
of the peak proved to be a periodically varying 
function of the film thickness. Finally, the angular 
distribution of the radiation was investigated. 

Interpreting their experimental results, the 
authors of those papers!’? consider them as cor- 
roboration of the theory of plasmons and, in par- 
ticular, of the theoretical work by Ferrell® in 
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1958. In this communication we try to show that 
the observed electromagnetic radiation’’? is the 
transition radiation predicted by Ginzburg and 
Frank‘ as far back as 1946. At the same time, 
the regularities of the transition radiation de- 
tected in the experiments’ are well described 
by the formula for the spectral and angular dis- 
tributions of the transition radiation produced by 
the electrons passing through the film (normally 
to its surface) which was obtained by Pafomov® 
(see also Garibian and Chalikian®). For nonrela- 
tivistic particles and not very large values of the 
dielectric permeability, this formula takes the 
form 


dW = (2e7y?/1c*)dwdé sin*@ cos?@|A(w,6)1?, (1) 





(2) 
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FIG. 1. Dependence of the i 
as at a: 0.06 F ' 
radiation intensity on the wave- 
length A calculated for a series 
of values of the angle @ at the . 
following parameter values: d 0.04F 4 - 
=500 A, v/c=0.285. (Coeffi- 70° ' 70° 
cient a= 2e*v?/nc*.) 40° 
0.02- ' 
1 30° 
20° 
1 20° 
\ H ! 1 = 
2000 3000 3265 4000 5000 
x=(€-sin’6)”, y=ecosé. (3) 
Here €(w) is the complex dielectric permeability, oe 
corresponding to a field dependence on the time 
of e~#t_ d is the film thickness. 0.12 
For silver films the Wood transparency arises 
at the light wavelength of ~3400 A. Near sucha 0.10 
wavelength and at not very large angles @ (for ex- 
ample, under conditions of the experiment of ref- ons 
erence 2), and when d= 500 A, the parameter dw 
(xdw/c) is small. Then the formula (1) can be adhd? 
written in the following form: 0.06 9=30° 
dW= (2e"y? /mc*)dwdé@ sin*@ cos7@ sin?(wd /2v) 0.04 @=20° 
gud P (4) 0.02 
x ; 2 2 2p)\ ° 
€ cos@ -i(wd/2c)(€ - sin*é + €* cos*6) 
F , (A) 


Now if one takes into account the fact’ that the 
imaginary part of the dielectric permeability of 
silver near A =3400 A is approximately equal to 
0.2-0.3, then one finds that Eq. (4) gives an angu- 
lar distribution of the experimentally detected ra- 
diation (Fig. 2 of reference 2), an oscillatory de- 
pendence of the radiation intensity on film thick- 
hess with the period (wd/v) (reference 1), and 
also a spectral distribution of the radiation which 
all have the right behavior to agree with experi- 
ment. 

Since (wxd/c) is not a small value in the whole 








500 1000 1500 


FIG. 2. Dependence of the radiation intensity on the 
film thickness calculated for the angles @ =30° and 
6=20°. (v/c anda are the same as in Fig. 1.) 


region of frequencies and film thicknesses studied 
experimentally, we have in fact used Eqs. (1) and 
(2) for computing the yields shown in Figs. 1 and 
2. It will be seen that these are in good agreement 
with the experiments. The values of the optical 
constants used in obtaining the graphs were taken 
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from reference 7. 

In the theory of transition radiation*”® it is as- 
sumed that only transverse waves can propagate 
in the medium. For investigation of propagation 
of longitudinal waves (plasmons) in the medium 
one must take into account a spatial dispersion 
of the dielectric permeability.* Since in this case 
existence of waves of three polarizations proves 
to be possible in the medium, it is necessary to 
make certain physical statements equivalent to ad- 
ditional boundary conditions,” in order to obtain 
solutions of the field equations. 

In this communication, the following model was 
used for revealing the role of longitudinal waves 
(plasmons) for the conditions of the experiments. 
Since in the conditions under consideration the 
product of the wavelength vector k of a light wave 
by the characteristic velocity of the electron is 
small in comparison with the frequency and we 
deal with the region around the Wood transparency, 


































1,2 





where z =[€(c?/a@) -sin?0 }¥”. 

The origin of the expression € - a/v” in the for- 
mula (5) which makes, in particular, this formula 
different from formula (2), depends on the fact 
that, in taking into account the spatial Fourier 
expansion of the charge field, it is proportional 
to 1/[€ - a(k/w)?]. 

Since a is roughly equal to the square of the 
Fermi electron velocity (v,~10° cm/sec), it is 
obvious that at the incident electron energy of ~ 25 
kev the value (a@/v”) is equal to the order of 10 
and cannot be discerned in the experiments.’”” 
That is why it is impossible to see the change of 
form caused by the Coulomb field. It is clear that 
for revealing such an effect, it is necessary to 
make the energy of the incident electrons consid- 
erably less, and, also, to use targets with a 
smaller imaginary part of the dielectric permea- 
bility; for example, the alkali metals. Another 
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one can consider a weak spatial dispersion.*** 

In this case a spatial dispersion of the transverg 
dielectric permeability, owing to its small value, 
was neglected, and the longitudinal permeability 
was taken in the form: el =e -a(k/w)*“. The value 
a, for example, in the model of free electrons, 
has the form 


= 2 2 2 
a i wr /w’, 


where v, is the velocity of electrons on the Fermi 
surface and w,; is the Langmuir frequency of elec- 
trons. 

The following boundary condition was used: The 
normal component of the field of the radiation going 
inside the metal is equal to zero on the surface. 
Such a boundary condition was obtained by a micro- 
scopic consideration of the problem of oblique in- 
cidence of the electromagnetic wave on a semi- 
infinite medium where the electrons of the medi- 
um suffer a mirror reflection at the surface.” 

Then, instead of the formula (2), we obtain 


2 - . . . 2 nil . . 
- a a pe Ho she iwxd/c | Ms agp ie ~axeivd/v = ac iwxd/c _eivdh ,eived/e 
. . = . ol / . . 2 . ail 
_eiwa/v +iwzd/c faxd lel, oss iwxd/c ™s -y onal , 28in fo ~x)e" zd/c | taste iwxd/c 
-1 
sin*@| 2iwzd/c-iwxd/c -iwxd/c 5 
er 3 e -eé ’ ( ) 





distinction of formula (5) from formula (2) involves 
the terms proportional to 1/z and 1/z?. Note here 
that any changes in the boundary conditions lead 
to modifications in the coefficients in front of such 
terms. Nevertheless, the order of magnitude does 
not change.’* On the other hand, since in our con- 
ditions z is rather large (namely, z~100), for 
revealing the role of terms 1/z in the formula (5), 
measurements with an accuracy of about a percent 
are necessary. The main dependence of the radi- 
ation arising from electrons passing through the 
metal film on frequency, angle, and film thickness 
is determined, in the conditions of the experi- 
ments,’** by the formulas (1) and (2).*° 

Thus, consideration of the possibility of propagr 
tion of longitudinal waves (plasmons) in the matter 
and also the possibility of their transformation 
into transverse electromagnetic waves radiating 
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into vacuum does not lead, in the conditions of 
the experiments,’** to effects which are appre- 
ciable compared to the transition radiation, the 
theory of which agrees with the experimental re- 
sults.” 

The authors wish to thank V. L. Ginzburg and 
I. M. Frank for interest in the work and also L. V. 
Parijskaya for preparing the graphs. 
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K* +d CHARGE -EXCHANGE REACTION FROM 52 TO 456 Mev’! 
William Slater, Donald H. Stork, and Harold K. Ticho 
Physics Department, University of California, Los Angeles, California 


and 


Wonyong Lee, William Chinowsky, Gerson Goldhaber, Sulamith Goldhaber, and Thomas O’Halloran 


Physics Department and Lawrence Radiation Laboratory, University of California, Berkeley, California 
(Received October 23, 1961) 


Below the threshold for 7-meson production the 
K* meson interacts strongly with nucleons by the 
following three processes: 


Reaction Scattering amplitude 
K'+p+K'+p, fy +h (1a) 
K* +n+K' +n, (fF, +f); (1b) 
K*+n+K° +p, —-43(f,-fy) (1c) 


These processes can be described by the Cou- 
lomb scattering amplitude f,, and the two charge- 


independent scattering amplitudes f, and f,, corres- 


ponding to the total isotopic spin 0 and 1, respec- 
tively.* 

Elastic K* + p scattering experiments give infor- 
mation on the f, amplitude. Information on the f/f, 
amplitude has in the past been obtained from the 
charge-exchange (CE) scattering of K* mesons in 
complex nuclei.?** These measurements led to 
determination of total charge-exchange cross sec- 
tions per neutron, to evidence for p-wave scat- 
tering in the T=0 state, and to crude angular dis- 
tributions of the K° mesons.‘ In this work we 
study the charge-exchange scattering of K* mesons 
on deuterons, in the Lawrence Radiation Labora- 
tory 15-inch bubble chamber filled with deuterium. 
The chamber was exposed to a highly separated 
K* -meson beam,’ at six different energies: 52, 
100, 127, 230, 315, and 456 Mev. For the deter- 
mination of the charge-exchange cross section we 
have selected those events giving a subsequent 
charged decay mode for the K,° meson. This sam- 
ple corresponds to ; of all K,° decays and thus to 
3 of all charge-exchange events (both K,° and K,° 
production).°® 

The K* -meson path length was obtained by two 
independent methods’: (a) by direct measurements 
of the K* tracks in every tenth picture; and (b) by 
inferring the total path length from the number of 
“7-like” decays.® 

In Table I we list the charge-exchange cross 
section on deuterium at the six different energies 
along with the number of events we observed at 
each energy. In Fig. 1 we show the same cross 
sections as a function of K* kinetic energy in the 


378 


Table I. The total K*+d charge-exchange (CE) cross 
sections at various energies and the number of charge- 
exchange events with subsequent charged K,° decay at 
each energy. 












T Number of °KG for CE 
(Mev) CE events (mb) 
52+17 13 1.07$-4 
100 +13 46 2.7+0.4 
127 +11 65 3.10.4 
230 +11 161 6.5 0.6 
315+ 6 216 6.7 +0.6 
456+ 5 196 6.6 +0.7 





laboratory system. The scattering angle in the 
K*n c.m. system was calculated by assuming (a) 
an initially stationary neutron, and (b) a neutron 
initially moving with a momentum equal and op- 
posite to that of the observed or inferred spec- 
tator proton. The momentum of the spectator 
proton was obtained for each event either by 











direct observation or by kinematical fitting® to 
the reaction 
+ 0 

K +d+K +P +P cect’ (2) 
These two different methods gave essentially 
identical angular distributions. In Figs. 2(a), (b), 
(c), and (d) we show the observed differential CE 
cross sections in the laboratory system. In Figs. 
2(a’), (b’), (c’), and (d’) we show the same data 
transformed to the K*n c.m. system. The curves 
shown are calculated fits from a phase-shift anal- 
ysis discussed below in detail. 

In order to extract the information on the K* +n 
charge-exchange reaction (1c) from the K* +d 
charge-exchange reaction (2), we use the impulse 
and closure approximations. The validity of the 
impulse approximation in this work is examined 
in two ways'®: (a) We compare the momentum dis 
tribution of the spectator protons with the nucleon 
momentum distribution in the deuterons as given 
by the Hulthén wave function. The two are in ex- 
cellent agreement with each other. (b) We com- 
pare the K° angle and momentum for each individ 
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FIG. 1. The K*+d charge- w 30b } 7 
exchange cross section as a -* } 
function of the K* energy. 
2.0 _ threshold 7 
1.0r } a 
fe) | | l ] 
0 100 200 300 400 500 
Ty+ (lab) (Mev) 
ual event with the two-body kinematics corresponding to Reaction (1c). With few exceptions, the in- 
dividual points form a band + 50 Mev/c around the curve given by the two-body kinematics. 
For Reactions (2), the impulse and closure approximations give" 
do/d2= (1/4k?)[ la, -a,1?+ $10, - 551? [1-H,(0)]+4 10, - b17[1 +4, (6) }}. (3) 


Here all quantities are computed in the c.m. system of a K meson and a stationary neutron, 


FIG, 2. The differential K* 
+d charge-exchange cross sec- 
tions at a series of K* energies. 
Figures 2(a), (b), (c), and (d) 
show the differential cross sec- 
tions in the laboratory system. 
Figures 2(a’), (b’), (c’), and (d’) 
show the same cross sections in 
thec.m. system of K* and an 
initially moving neutron with 
momentum equal and opposite to 
the “spectator” proton. The 
solid curves were computed from 
the phase-shift solutions with 
T=1s wave and T=0s andp 
waves (Solution A, Table II). 

The dashed curves come from 

the same solutions, setting H,(@) 
=0, and thus correspond to the 
Scattering from free neutrons. 
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nse [an (E)-2un( an (E) ° 


where in (4) we approximate K, the momentum 
transfer in the lab system, by the nonrelativistic 
value K ~ 2k sin(@/2). This approximation is very 
good for small values of @. For large values of @ 
the function H,(@) is small and insensitive to K. 
The quantities a = 45.5 Mev and 8=7a come from 
use of the Hulthén wave function for the deuteron. 
For each isotopic spin we have 


l 
max 


a (6) = ~, {(+1)n7,* +117, }P (0), 


t nax 
b (6) =% La {n,* “7, JP (0). 


Table II, 





Here nTT refers to j=1+4, and hk is the mo- 
mentum in the K n c.m. system. 

In the derivation of Eq. (3) the Pauli principle 
for the two outgoing protons is taken into account. 
Correction terms due to the final proton-proton 
interactions, multiple scattering, and the K*- K° 
mass difference have not been included. These 
correction terms are likely to contribute most to 
small scattering angles. In order totest the im- 
portance of these neglected terms we have carried 
out the phase-shift analysis once for the entire 
angular interval and once for the angular interval 
cosé., m. < 0.6. Within the errors, the solutions 
common to the two cases were the same. 

We have carried out a phase-shift analysis” for 


Phase-shift solutions with errors. Sets A and B are the small and large s-wave solutions in the sp 


fit. These phase shifts were computed on the assumptions that (a) the T=1 state can be expressed as a pure re- 
pulsive s wave, and (b) T=0d- and higher angular-momentum waves can be neglected. 





Cross sections computed 





Probability from phase shifts Experimental 
T=1 T=0 T=0 T=0 from CK n CKn? Cxa? CKd> 
Tp Syl5y) Syaldq) Pyldoy)  Pyo(5og) x? fit CE elastic  NCE® NCEP 
(Mev) Solutions (deg) (deg) (deg) (deg) (%) (mb) (mb) (mb) (mb) 
Set A 
113 1 -23 -6+6 -7+4 10+2 4 4,040.7 7.9+43.1 27 21+5 
2 15+ 4 -122 
230 1 -34 13+5 -4+5 14+4 2 8.1+0.7 3.841.0 21 
2 20+ 7 2+2 
313 1 -41 15+10 -9+7 15+#7 16 7.540.5 4,241.2 20 
P 2 23412 -1+#2 
456 1 -50 24+ 4 -8+3 £2143 70 7.54+0.4 5.340.5 19 20 +2 
2 31+ 6 2+2 
Set B 
113 1 -23 -33+6 -18+ 6 4+4 20 3.442.0 2445 47 21 +5 
2 13+ 3 -10+ 4 
230 1 -34 -68+12 -26+13 15+10 50 7.843.9 2943 45 
2 29+11 -12+9 
313 1 -41 -54+20 -57+15 10+8 20 7.342.7 2645 40 
2 48+15 -19+8 
456 1 -50 -76+12 -75+30 2 +10 70 6.941.9 23+2 35 20 +2 
2 59+30 -20+10 





“oKa> NCE, the K +d non-charge-exchange cross section, is calculated with a cutoff angle of COS) ap = 0.94. Er- 
rors in the calculated oxq, NCE reflected from errors in phase shifts are <3 mb and are not quoted, 
The value at Tx =456 Mev comes from reference 16. The value quoted at 113 Mev was obtained from our own 


data’? at 100 Mev. 


an additional large positive T=0 s-wave solution exists for this energy with oxy, elastic ~ 12 mb, namely: 
5p’ = 55°, amd (5p;’, 593’) = (-9°, +20°) or (+25°, -3.5°). Here 59,’ and 593’ have the same values (within the errors) a8 
in solutions A; and A, for 456 Mev above, while 59’ is related to 6) through |5, -59’| * 7-|6,-69|. The ambiguity 


observed here always occurs for |65, - 59| * 7/2. 
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the differential cross sections at kinetic energies 
113, 230, 315, and 456 Mev. Each energy was 
treated independently. In our analysis the T=1 
phase shifts were assumed to be pure s-wave phase 
shifts'® and were taken from the K* +p data,'*»15 

We solved for the T=0 phase shifts assuming the 
scattering process in the T=0 state to be (a) s- 

and p-wave, and (b) s-, p-, and d-wave. 

(a) Permitting the scattering to occur in the 
T=0s and p states leads to two sets of solutions, 
A and B, each with its Fermi-Yang ambiguity (see 
Table II). The two solutions A and B differ prin- 
cipally in the sign and magnitude of the T=0 s 
wave. Solutions A and B lead to K* +n cross 
sections which differ from each other by a factor 
of about four, and K T+d non-charge-exchange 
(NCE) cross sections which differ by a factor of 
about two. Experimentally we know the total 
K* +d cross sections at two of the energies,*® 
and from these obtain values for the K*+d NCE 
cross sections. The values obtained from solution 
A are in good agreement with those obtained from 
experiment. Solution B, which gives a better x? 
fit to the differential CE cross section, can be 
definitely ruled out because it leads to too large 
a K*+d NCE cross section. We are thus left at 
each energy with the two Fermi-Yang solution 
sets A, and A,. The solid curves in Fig. 2 present 
the differential CE cross section computed from 
solutions A both in the laboratory and in the center- 
of-mass systems. The dashed curves were com- 
puted from the same phase shifts by setting 
H,(6)=0 in Eq. (3). The difference between the 
dashed and solid curves thus illustrates the sup- 
pression of the forward scattering due to the Pauli 
exclusion principle. In Fig. 3 we show the energy 
dependence of the phase shifts obtained in solutions 
A, and A,. It is interesting to note that in contrast 
to the T=1 s-wave phase shifts, which are negative 
(repulsive potential), the T=0 s-wave phase shifts 
are positive (attractive) over the energy interval 
from about 150 to 456 Mev. From the present data 
we cannot conclude, however, whether at lower 
energies 56, would remain attractive or turn weakly 
repulsive. 

(b) In an attempt to improve the goodness of fit 
to our data, we have introduced two more param- 
eters in our phase-shift analysis corresponding to 
d,,, and d,,, waves.’* The introduction of these 
two additional parameters improves the fit some- 
what but, as expected from our limited statistics, 
increases the uncertainty on all values of the phase 
shifts. The solutions obtained can be divided into 
three sets, of which two are similar to sets A and 
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FIG. 3. The phase-shift solution sets A; and A, (see 
Table II) as a function of k, the momentum in the Ktn 
c.m. system, expressed in inverse fermis (10'? em™). 
Not shown in the figure is one further ambiguity in 6) 
at 456 Mev, giving 5)=55 deg. (See Table II, footnote 
c.) 


B with small d-wave phase shifts added. Here 
again we can rule out the solution similar to B on 
comparison with the experimental NCE o, 7. The 
third set of solutions tries to fit the data with 
small negative 5, phases, from -5deg to -15deg, 
small p-wave phases, and d-wave phase shifts of 
which one ranges from -15deg to -30deg and the 
other is small and positive. We must stress, how- 
ever, that the statistics of our data permit us only 
to make a first exploration into the domain of high- 
er partial waves which may contribute to the scat- 
tering process. 

We wish to thank Professor Luis W. Alvarez 
and many members of his group for making the 
15-inch bubble chamber and analyzing facilities 
available to us. We are very grateful for the tire- 
less efforts of the bubble chamber crew and the 
Bevatron crew as well as of our own scanning and 
measuring group, without whose assistance this 
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EVIDENCE FOR A PION-PION RESONANCE FROM PHOTOPRODUCTION OF PION PAIRS* 


D. McLeod, S. Richert, and A. Silverman 
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 
(Received October 17, 1961) 









In the reaction y +p—> m+n" +p, we may expect 
that the behavior of the cross section will be influ- 
enced by interactions between the particles in the 
final state. We have made measurements of this 
cross section particularly designed to give evi- 
dence concerning the pion-pion interaction. 

A difficulty in such an attempt is that the strong 
pion-proton interaction might obscure any pion- 
pion effect. Our approach has been that suggested 
by Drell and Zachariasen.’ Let Epg+, Epq-, and 
Enq be the total energies of the indicated pairs of 
particles in the center-of-mass system of each 
pair. It is possible to vary the parameters of the 
reaction so that £,,+ and £,,- are held constant, 
while £,, is varied.* Choosing constant values of 
E pnt and Ep~- well away from any pion-proton 
resonance, it is hoped that the final-state nucleon- 
pion interaction will be kept small and substan- 
tially constant, so that a pion-pion resonance will 
reveal itself in a “bump” as Ez is varied. 

The reaction is observed by detecting the proton 
and one of the pions in coincidence, measuring 
the direction and momentum of each. These pa- 
rameters completely determine the kinematics, 
so that k, the incident y-ray energy, and the mo- 
mentum of the undetected pion are known. The ex- 


FIG. 1. Experimental setup. 
M1 is a two-lens, strong-focuss- 
ing, 35° bending magnet, with 
parameters: Ap/p=12%; AQ 
=4x1073 sr; A@=5°, M2isa 
Panofsky-Hand type quadrupole Analyzing 
magnet [L. N. Hand and W. K. Magnet 
H. Panofsky, Rev. Sci. Instr. MI “a 
30, 927 (1959)] with a lead bar- 
rier in the center, as a momen- 
tum spectrometer with a line 
focus. Its parameters are: 
4p/p=7.5%; AQ=910°° sr; 
46=2°, The counter marked 
C is a Lucite Cerenkov counter; 
all others are scintillation coun- 
ters, 





so 
Rm 
a Analyzing Magnet 























perimental setup is shown in Fig. 1. The brems- 
strahlung beam of the Cornell synchrotron passes 
through a 3-in. liquid hydrogen target and is mon- 
itored by a quantameter.* Particles of given direc- 
tion and momentum are focussed by one of the two 
magnetic spectrometers, M1 and M2, into scintil- 
lation counter telescopes. Protons are unambigu- 
ously identified in M1 by pulse-height analysis in 
three scintillation counters. Pions are detected 

in M2, where protons are eliminated by requiring 
a Lucite Cerenkov counter in coincidence. A re- 
solving time of 5 nanoseconds is achieved in the 
coincidence between proton and pion by photograph- 
ing an oscilloscope trace displaying one signal 
from each telescope. Background from random 
coincidences averages about 5%. A given setting 
of the magnet angles and momenta determines the 
incident y-ray energy at which the specified 2-pion 
reaction will occur; the peak bremsstrahlung ener- 
gy is then set at a value well above this, but low 
enough so that no 3-pion process can contribute. 
For each point measurements are also made with 
the peak energy somewhat below the 2-pion energy, 
and this yield (typically 10%) is subtracted as 
background. Two measurements are made for 
each condition; one with the M2 polarity set to 
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accept m+, and the other for 7~. 

Results are expressed in terms of M’, the 
square of the invariant matrix element, which is 
related to the cross section and laboratory phase 
space, D, as follows. (h=c=1.) 


do (GR aa, 4d) o Sai D/G8 im E E E. 


FE as ), 


2 


where 


, % 2 
an 92 Pa Pp 
(27) by +m, EY) Ea 





y Po) G 
( P,)] 


Here k is the incident photon momentum; p and E 
are the laboratory momentum and energy of a fi- 
nal-state particle; the subscript p refers to the 

proton, 7, to the detected pion, and 7, to the other 


pion. In this form, M? has the dimensions of area. 


Two series of measurements were made: one 
with E,,; =1.414 Bev, E,,9=1.140 Bev; a second 
with Epq1 =1.414 Bev, Epn2=1.161 Bev. (71 is 
the pion detected in M2, 72 is the other pion.) 
Figure 2 shows the results of the second series; 





(BARNS) 





M2 

















E ora (Mev) 


FIG, 2. M* vs Enz for Epr+=1.161 Bev, Epq-=1.414 
Bev (upper half); and for Ep_;+ =1.414 Bev, Epq-=1.161 
Bev (lower half). In Figs. 2 and 3, errors indicated on 
M’ are statistical, except for the special case noted in 
the text. Horizontal limits show the experimental reso- 
lution. The labels 7* , 1~ indicate the sign of the de- 
tected pion. The curves shown are the results of the 
model described in the text, with the variation of the 
m-m phase shift determined to fit our data (solid lines), 
and determined from reference 4 (dashed lines). (See 
Fig. 4.) 
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FIG, 3. M* vs Enq for Epx+ =1.140 Bev, Epq-=1.414 
Bev (open points); and for Eprt =1.414 Bev, Epr- =1.140 
Bev (solid points). 


Fig. 3, the first series. The labels 1*, 1™~ indi- 
cate the sign of the detected pion. Errors indicat- 
ed on M? are counting statistics, except for the 
points at Ey, =760 Mev. For these points the y- 
ray energy determined by the magnet settings was 
very close to the peak beam energy. This led toa 
substantial correction factor critically dependent 
on the value taken for the beam energy. The indi- 
cated error includes a 1% uncertainty in energy. 
The horizontal bars show the experimental reso- 
lution. The maxima in Fig. 2 at Eqgqg = 720 Mev in- 
dicate a resonance in the 7-7 interaction at ap- 
proximately this energy, in rough agreement with 
previous measurements.*’® 

In an effort to correlate the data with features 
that might be expected due to final-state interac- 
tions, we considered the following simple model.* 
It is supposed that the reaction is initiated by some 
vertex producing 7* and 7~, following which a sin- 
gle final-state scattering always occurs. The scat- 
terings considered are p-1*, p-1~, and m*-1~. We 
now assume that the amplitude for each process is 
the product of the initiating amplitude, C (assumed 
constant, independent of energy), and the free- 
particle scattering amplitude; furthermore we as- 
sume that the 1-p scattering occurs only in the 3-3 
state, and the 1-m scattering in a single J=1 state. 
Then the amplitudes for the three processes are 


- y2 
CA yg = C(8)7 


- 1 y2 ° : 
CA, _ =C(§)(87) — _ exp(i ‘. ) om, 


s y2 ° . 
CA. C(12 7) — exp(i6__) sind 


exp(i ‘. ,) sind 


pu* pa 


We neglect any considerations of proton spin and 
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FIG. 4. Onq vs Eng fitting our data (solid curve), and 
as determined from reference 4 (dashed curve). 


write the total amplitude as the sum of these am- 
plitudes, however multiplying the 7-7 amplitude 
by an arbitrary weighting factor, 7. Then we have 
for the production matrix element, M?=C*|A pr+ 
+Apn-+nAnl*. For 5p7+ and dp-, we take the 
values from m-p scattering: 6(1.140) =12°; 6(1.161) 
=20°; 6(1.414) =155°.” Then the free parameters 
in the expression are 6,7, as a function of Eqq, C, 
and 7. C is merely a normalizing parameter. 

The solid curves in Figs. 2 and 3 are calculated 
from this expression with C*=0.38 barn, =1.6,° 
and 677(Enm) as given by the solid curve in Fig. 4. 
This form, which assumes a 7-7 resonance at Eqy 
=720 Mev, of width 90 Mev,° reproduces the main 
features of the data. The dashed curves are cal- 
culated with 6,7q determined from the cross sec- 
tion given by Erwin et al.* (a resonance at Eqg 
=750 Mev of width 150 Mev), assuming o77 =12 74? 
Xsin*6qq7. Our results indicate a resonance some- 


what lower in energy and narrower in width than 
that of references 4 and 5. However, the lack of 
a reliable theory relating the resonance param- 
eters to the measurements, and the large uncer- 
tainty in the point of highest E,, make our param- 
eters for the resonance somewhat uncertain. 





*Work supported in part by the joint program of the 
Office of Naval Research and the U. S. Atomic Energy 
Commission. 

1§, D. Drell and F. Zachariasen, Phys. Rev. Let- 
ters 5, 66 (1960). 
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ied from 400 to 760 Mev. 
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and H. Taft, Phys. Rev. Letters 6, 624 (1961). 

2 Pickup, D. K. Robinson, and E. O. Salant, Phys. 
Rev. Letters 7, 192 (1961). 
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final-state interactions involving three interacting par- 
ticles. 

TH. A. Bethe and F. de Hoffmann, Mesons and Fields 
(Row, Peterson and Company, Evanston, Illinois, 
1955), Vol. 2, p. 125; W. D. Walker, J. Davis, and 
W. D. Shephard, Phys. Rev. 118, 1612 (1960). 

8Unfortunately, the fit with n=1 is not as good. 

®*This width is about equal to the experimental reso- 
lution; thus our data are consistent with a narrower 
width for the resonance. The calculated curves do not 
have the experimental resolution folded in. 
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It is of considerable interest for the study of 
elementary particle physics to perform experi- 
ments with beams of linearly polarized photons.’ 
These experiments require an accurate knowledge 
of the degree of polarization of the beam. If the 
beam is produced in the conventional manner, 
which uses the natural polarization of the brems- 
strahlung perpendicular to the plane of emission, 
the polarization can in principle be evaluated from 
the geometry of the beam itself.” 

A second method, which could produce beams 
of higher intensity, is based on the fact that the 
bremsstrahlung coherently produced on a single- 
crystal target can, under certain conditions, be 
strongly linearly polarized.*»* The polarization 
of a beam produced by this method cannot be eval- 
uated a priori with confidence and must therefore 
be measured in some way. 

The measurement of linear polarization requires 
the observation of azimuthal asymmetries in proc- 
esses initiated by the rays. 

The only method presently well understood is 
based on pair production. The difficulty here is 
that at high energy pair production is restricted 
to a narrow forward cone, and the expected asym- 
metries are quite small, of the order of 20-30% 
even for a fully polarized beam and under the 
best conditions. 

The use of processes involving strong inter- 
acting particles is in general unsatisfactory as 
one then requires some information on the details 
of the interaction. An exception seems to be the 
elastic photoproduction of a neutral pion on He* 
(or in general on a spin-0 nucleus): 


y + He* + 7° + He*, (1) 


This process is particularly simple as only the 
photon, among the particles involved, has spin 
different from zero. The only vector quantities 
here are the photon polarization vector é, its 
momentum k, and the momentum of the emitted 
pion, k’. The amplitude for the process will 
therefore be proportional to the only available 
pseudoscalar quantity, 


m=a@[e - (kxk’)]. (2) 


@ can depend on the photon energy and on the an- 
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MEASUREMENT OF THE LINEAR POLARIZATION OF y RAYS BY THE ELASTIC 
PHOTOPRODUCTION OF 7° ON He* 


Nicola Cabibbo 
Laboratori Nazionali di Frascati del Comitato Nazionale per 1’Energia Nucleare, Frascati, Italia 
and Istituto di Fisica dell’ Universita, Roma, Italia 
(Received October 27, 1961) 


gle of emission of the pion. The cross section 
for a beam of linear polarization P is then 


(do/d)5=((-1P1)+21Pisin*g\(do/d2)s_ 4, (3) 


where the azimuth ¢ is defined as the angle be- 
tween the plane of emission (k, Kk’) and the plane 
of polarization (k, P). 

For a fully polarized beam (|P|=1) the azimuth- 
al distribution is simply sin*g. The analyzing 
power of this process is therefore equal to that 
of a Nicol prism for visible light. 

The ratio of the cross sections at 90° from P 
and parallel to P is 


do /do, =(1+ |P1)/(- 1 PI). (4) 


This ratio is already 1.5 for a 20% polarization 
and increases very steeply. In this method statis- 
tics is not a problem; one should, however, be 
able to discriminate against such processes as 


y+ He* + 7°+n+ He’, (5) 
y + He* + 7°+ 7°+ He*, etc., (6) 


whose azimuthal distribution cannot be evaluated 
at present with confidence.® 

The method proposed here has rather unique 
properties, especially for photons of high energy. 
The difficulties of the method based on pair pro- 
duction increase rapidly with energy, and also 
increasing is our ignorance of the details of other 


processes involving strongly interacting particles.’ 


The author is grateful to Dr. G. Diambrini and 
the other members of his group for discussions 
which led to the present work. 





'G. T. Hoff, Phys. Rev. 122, 665 (1961); B. De Tollis 
and A. Verganelakis, Phys. Rev. Letters 6, 371 (1961); 
M. J. Moravesik (to be published). 

2M. May and G. C. Wick, Phys. Rev. 81, 628 (1951); 
M. May, Phys. Rev. 81, 265 (1951); H. Olsen and L. C. 
Maximon, Phys. Rev. 114, 897 (1959); R. E. Taylor and 
R. F. Mozley, Phys. Rev. 117, 835 (1960); R. C. Smith 
and R. F. Mozley, Proceedings of the 1960 Annual Inter- 
national Conference on High-Energy Physics at Roches- 
ter (Interscience Publishers, Inc., New York, 1960). 

H. Uberall, Phys. Rev. 107, 223 (1957). 

‘Experiments with a beam produced in this manner 
are now in progress at Frascati (G. Bologna, G. Bar- 
biellini, G. Diambrini, G. Murtas). See also J. W. 
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DeWire, Laboratori Nazionali di Frascati, Nota Inter- 
na No. 87 (unpublished). 

5Near the threshold for process (6) the relative angu- 
lar momentum of the two pions will be / = 0 (the next 
permitted value is / = 2); under these conditions the 
azimuthal distribution of the a recoil is again uniquely 


determined. It is in fact cos*y for complete polariza- 
tion so that contributions of (6) can mask the asymmetry 
in (1). 

SFor y-ray energies below the pion threshold there 
exist particular photodisintegration reactions with well- 
defined analyzing power for the photon polarization. 





PIONIC FORM FACTOR EFFECTS IN PERIPHERAL NUCLEON-NUCLEON COLLISIONS 


E. Ferrari and F. Selleri 
CERN, Geneva, Switzerland 
(Received October 17, 1961) 


There is increasing evidence that in inelastic 
nucleon-nucleon collisions the one-pion exchange 
(OPE) contribution plays an important role.** 
This evidence rests: (i) at a few (~1-3) Gev on 
the experimental lab energy distributions?* and 
c.m. angular distributions*; (ii) at many (210) 

Gev on the analysis of quasi-elastic scattering 
data,® of general features of the interactions® of 
emulsion experiments,’ and of cosmic-ray interac- 
tions.® A further step in the analysis of such re- 
actions consists in understanding the quantitative 
importance of the direct many-particle exchanges, 
which are expected to be increasingly important 
with increasing momentum transfer. The effect 
‘ethese exchanges cannot, however, be revealed 
‘a comparing the OPE calculations performed till 
now’* with experiments, because such calcula- 
tions are correct only for small values of the nu- 
cleon momentum transfer. 

A method for understanding the limitations of 
the OPE approximation has been suggested by the 
authors.® Since the matrix element for off-shell 
pion-nucleon scattering in the region of the 3,3 
resonance has been calculated,® one can evaluate 
a peripheral graph for single (and possibly dou- 
ble) pion production in nucleon-nucleon collisions, 
by taking full account of the virtuality of the ex- 
changed pion. This calculation is possible for en- 
ergies of the mN scattering not too far from the 
3,3 resonance, and is undetermined only by an 
unknown multiplicative function of the squared 
four-momentum of the virtual pion. This function 
is simply related to the pionic form factor of the 
nucleon. These facts make possible a check of 
the peripheral model and possibly allow the de- 
termination of the pionic form factor. If the ex- 
perimental data at different energies were fitted 
with a unique choice of this function, then one 
might conclude that the OPE contribution is prob- 
ably dominant also for high-momentum transfer, 


because the discrepancies generated from the 
many-particle exchanges are expected to depend 
also on the initial energy. 

In this Letter we show that the existing experi- 
mental data do indeed suggest full dominance of 
the OPE term and we obtain a tentative behavior 
of the pionic form factor. The expression found 
in reference 9 for the off-shell T=J= 3 aN scat- 
tering amplitude is’® 

sh >, Bou, A?) 
fag, a=xian cal 7. io a3 (4, -1L”), 
| | et 

(1) 
where m and p are the nucleon and pion masses, 
respectively; A? is the squared four-momentum 
of the virtual pion; u=(w-m)/m, w being the to- 
tal c.m. energy of the 7N system; uy=0.314 is 
the u value of the 3,3 resonance; p, =(),,.? -m”)”” 
and g, =(g,.° -m”)” are the off-shell and on-shell 
c.m. momenta, where 


Bio = (w* +m? +A?)/2w, gy. =(w? +m? -y?)/2w. (2) 


Finally, K(A”) is the pionic form factor of the nu- 
cleon and B,(u, 4?) is given by 


2 
B,(u, A?) = Taeouk aan , (3) 
with f?=0.08 and 6 =(A? +?) /2m?. 

In (1) only the factor p,/q, depends on both A? 
and u. Its u dependence is particularly strong at 
threshold, where it diverges like g,~*. This di- 
vergence is, however, compensated from the 
threshold behavior of f,,(u, -4”) which vanishes 
like g,”. Therefore, the effect of the factor p,/q, 
on the u dependence of f,,(u, A”) should not be too 
large and we put simply p,” /q,” in place of p,/q,, 
y meaning “calculated at resonance.” 
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The off-shell amplitude is then 


fgg(u, A?) = K(A)¥(A”) fag(u, -1”), 


Y Ae 1/2 


P 


u (u +36) 
rr 


(5) 


2) - —_ —— 
y(A*) = aw 5 oF . 
q, m s. 


The conclusion is thus that in the calculation of a 
peripheral graph the “pole approximation” dis- 
cussed in reference 9 is approximately valid also 
for higher momentum transfers, apart from a 
multiplicative function of A’, given by" 


(A?) =K*(A?)K (A) y(A”), (6) 


K’ representing the higher order corrections to 
the pion propagator. Assuming 


(A?) =[1+ (A? +u?)/a]™, (7) 


where a is an adjustable parameter, we have tried 
to fit the existing experimental data**’”” on the re- 
actions 

pt+p+pt+nen, (8) 

p+p>pt+pt+T. (9) 
We have taken into account all the possible pe- 
ripheral diagrams contributing to our reactions, 
according to the calculations performed in refer- 
ence 2 and with the introduction of the cutoff (7) 
in the appropriate variable of each graph. The 
results for the total cross sections are shown in 
Table I. The comparison with the experimental 
data definitely shows the need for a cutoff with 
characteristic mass in the range 60-90 yu”. Al- 
though the experimental total cross section seems 
to decrease slightly faster than the theoretical 
one, one sees that the discrepancy with the pole 
approximation can be reasonably well represented 


with a A?-dependent function. This fact suggests 
an OPE contribution much more important than 
expected also at high A?. 

The differential cross sections with respect to 
the lab energy of the nucleons (calculated with a 
=60 yu”) are shown in Figs. 1 and 2 and compared 
with the experimental ones. The agreement is 
still generally good. 

If we take these results seriously we can obtain 
the function K*(A*)K’(A?) simply by dividing the 
phenomenological expression for $(A?) by y(A’). 
The behavior of the function is shown in Fig. 3 
and suggests that the nucleon, as seen from az 
meson, looks like a sphere of radius ~~ in 
which a much smaller core is contained. We 
wish to stress that this conclusion is very tenta- 
tive. In fact, first the formulas used are approx- 
imate and have been applied also to regions where 
the 3,3 resonance is no longer dominant,** and 
secondly the existing experimental data are still 
rather poor. What has some chance of being not 
too far from reality in Fig. 3 is the steep decrease 
of K?K’ in the region -u? <A?<10 w*. Concerning 
the “core” behavior one must wait for more de- 
tailed experimental information before having any 
believable conclusions. The main purpose of this 
Letter is thus to make clear the importance of 
further experimental investigation of reactions (§) 
and (9). 

The formulas for the cross sections and a mke 
exhaustive discussion of the same problems will 
be contained in a forthcoming paper. 

The experimental cross sections used are main- 
ly private communications: at 0.97 Gev from 
Dr. D.. Y. Bugg (Cambridge) and at 2.85 Gev from 
Dr. G. A. Smith and Professor H. Taft (Yale). 
We are extremely grateful to the above authors 
for their kindness, which made the present work 
possible. 


Table I. Experimental and theoretical total cross sections for reactions (8) and (9) at different lab kinetic en- 
ergies of the incoming proton. See references 3, 4, and 6 for the experimental data. a@ is the cutoff parameter 
defined in (7). The column a =~ corresponds to calculations without cutoff. 





Reaction Energy Experimental 
(Gev) cross section 


(mb) 


Theoretical cross section (mb) 
a=60p? a=90p? 





ptp—ptn+n 18.4 +0.8 
16.06 + 0.44 
11.45 + 0.65 


pt+p—~p+ptr ; 3.8 +0.35 
2.9 +0.31 
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1F, Selleri, Phys. Rev. Letters 6, 64 (1961). 
”* 2G. Da Prato, Nuovo cimento (to be published). 
FIG. 1. Experimental (histograms) and theoretical 3w, J. Fickinger, E. Pickup, D. K. Robinson, and 
(full lines) differential cross sections with respect to E. O. Salant, Phys. Rev. Letters 7, 196 (1961). 
the laboratory kinetic energies at 0.97 Gev. (a) Ta: ‘yV. Barnes, D. V. Bugg, W. P. Dodd, J. P. Kin- 
kinetic energy of the neutrons from reaction (8). (b) son, and L, Riddiford, Phys. Rev. Letters 7, 285 
Tp: kinetic energy of the protons from reaction (8). (1961). 
(c) T: kinetic energy of the protons from reaction (9). 5S. D. Drell and K. Hiida, Phys. Rev. Letters a, 
a See reference 4 for details on the experiment. 199 (1961). 
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FIG. 3. The function K’K’ and its behavior with the 


momentum transfer, as obtained by dividing 1(A*) [see 
formula (5)] into 6(A’) [see formula (7)] with a =60,7. 
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1°Numerical estimates prove the smallness of the 
term containing cosé3, in formula (66) of reference 9, 
We therefore neglect it here. 

‘The origin of the extra factor KK’ appearing in (6) 
should be clear: K comes from the 3-particle vertex, 
where the virtual 7 is emitted, and K’ from its propa- 
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12G, A. Smith, H. Courant, E. C. Fowler, H. Kray- 
bill, J. Sandweiss, and H. Taft, Phys. Rev. 123, 
2160 (1961). 

1341] the performed approximations (discussed also 
in reference 9) could eventually be avoided. The only 
assumption which is essential in this analysis is the 
dominance of the 3,3 resonance. Its validity can be 
checked experimentally, for instance by comparing 
with the present theory the Q-value distributions of 
np from reference 8 at fixed momentum transfer 
and variable initial energy. 





SOLUTIONS OF THE PION-PION PARTIAL WAVE DISPERSION RELATIONS 


James S. Ball and David Y. Wong 
University of California at San Diego, La Jolla, California 
(Received October 23, 1961) 


In 1958, Chew and Mandelstam obtained a set of 
integral equations for the pion-pion partial wave 
amplitudes.’ The underlying physical assumption 
of these equations is that the exchange of a pion 
pair in pion-pion scattering should constitute the 
longest range force which, in turn, dominates 
the scattering amplitude at low energy. Since 
that time, a number of authors have published 
various approximate solutions to these equations 
based on the further assumption that the major 
part of the two-pion force comes from the relative 
S and P states of the exchanged pair.'~* The re- 
maining portion of the two-pion force as well as 
the multipion forces are usually represented by 
phenomenological parameters. Unfortunately, 
there are mathematical difficulties even in han- 
dling the P-wave exchange force which necessi- 
tates some cutoff procedure. In principle, such 
cutoff procedures also require adjustable param- 
eters. It is not clear from previous results what 
is the minimum number of parameters required 
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for a realistic solution of the low-energy pion- 
pion problem. The purpose of this Letter is to 
clarify this point and to present a few numerical 
solutions which fall within the uncertainty of the 
present experimental data.°® 

The coupled S- and P-wave pion-pion dispersion 
equations’ are solved numerically including left- 
hand cuts that satisfy crossing symmetry up to a 
cutoff point. The remaining left-hand cut of each 
partial wave amplitude is replaced by a pole to- 
gether with a subtraction constant at the symme- 
try point y= -§, where vp is the center-of-mass 
momentum squared in pion units. The solutions 
obtained are found to depend sensitively on three 
parameters, and no further reduction in the num- 
ber of parameters seems possible if only low 
partial waves are kept in all absorptive amplitudes. 

The S-wave subtraction constants are related by 
the 5 to 2 ratio: 
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The residue of the P-wave pole is determined by 
the requirement that the P-wave amplitude vanish 
at the threshold while the position of this pole is 
chosen to fit a resonance energy within the range 
700-800 Mev (5.2<v,<7.2).° The residues of the 
S-wave poles (J=0,2) are determined by the 
crossing condition which relates the derivatives 
of the S-wave amplitudes to the value of the P- 
wave amplitude at the symmetry point: 


I=2 
1=0 


I=0 


(-§)=-3A’ (-3). 


The positions of the S-wave poles are left as free 
parameters of the problem. However, for a 
given set of (\,a,,v,), the values and derivatives 
of all three partial wave amplitudes at the sym- 
metry point are essentially fixed, and the higher 
derivatives are mainly controlled by the “near- 
by” left-hand cut. Hence the solution is insensi- 
tive to either the position of the S-wave poles or 
the cutoff point of the “near-by” left-hand dis- 
continuity. In fact, a factor of two variation 

in these parameters affects the solution in the 
physical region by less than 5-10%. Thus our 
result is basically a three-parameter solution, 
(A,@,,v,)- 

In order to fit the width of the P-wave reso- 
nance as indicated by recent experiments,’? we 
choose 0.02<a,<0.05. For a given pair of (a,,v,), 
is varied from one extreme where an J=0 bound 
state occurs to the other extreme where the /=2 
ghost appears in the “near-by” left-hand region. 
We find that lies within the range +0.5. At 
present, there is no decisive experimental re- 
sult on S-wave pion-pion interaction. Therefore, 
we only present a few typical solutions as shown 
in Figs. 1 and 2. 

It turns out that the P-wave phenomenological 
pole is located quite far out on the left (-v 2105) 
but still plays an important role in making the 
resonance. For the S waves, the effect of the 
poles in the physical region is fairly small; how- 
ever, the solution does depend strongly on the sub- 
traction constant. We therefore conclude that the 
“near-by left-hand cut” does not dominate even 
the low-energy part of the scattering in either the 
P or the S state. Hence the number of independent 
parameters cannot be reduced within the frame- 
work of keeping only low partial waves in all ab- 
sorptive amplitudes. 


We should mention that our solutions are qualita- 
tively quite similar to those given by Desai,® who 
approximated the entire left-hand cut of each par- 
tial wave amplitude by a pole. Of course, our 
combined treatment of polology and “near-by” 
left-hand cuts should yield more detailed infor- 
mation on the structure of the amplitudes. Inci- 
dentally, we find that our solutions in general do 
not satisfy Desai’s additional symmetry point con- 
dition involving second derivatives of the S-wave 
amplitudes and the first derivative of the P-wave 
amplitude. But we do not believe that this con- 
dition can be used to select a smaller set of solu- 
tions since the condition itself is inexact. In fact, 
our solutions deviate from this condition the most 
when the J=0 contribution to the near-by left-hand 
cut is large. This is precisely the circumstance 


1 
1 


[ vnv-+nf co 5 











FIG. 1. A plot of [v*/(v+1)]'” coté,! for several 
solutions. The dashed curve is for a,;=0.03 and A 
=-0.10. The solid curves are for a;=0.05 with A 
=-0.10 and A=-0.30. The curvature in the neighbor- 
hood of v=0 reflects the effect of the S wave in the 
crossed channel. 
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FIG. 2. A plot of [v/(v+1)]'” coté,’ and [v/(v+1)}!” 
< cotéy’ for various values of the parameters. The 
dashed curves are for a,;=0.03 and A=-0.10. The 
solid curves are for a,;=0.05 with A=-0.10 andA 


-0.30. 


under which derivatives of the higher partial waves 
neglected in Desai’s condition are not small. Since 
the higher derivatives are almost completely con- 
trolled by the “near-by” portion of the branch cuts, 
any valid symmetry point condition involving high- 
er derivatives will automatically be satisfied by 
solutions which contain “near-by” cuts given by 
crossing symmetry. 

At this point we would like to clarify some con- 
fusion on a recent paper by Bransden and Moffat.* 
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In their work, it appears that the S-wave subtrac- 
tion constant alone (A) is sufficient for the deter- 
mination of both the S- and P-wave amplitudes. 
First of all, we should point out that the left-hand 
discontinuity of the scattering amplitude calculated 
from Bransden and Moffat’s solution does not 
agree with the left-hand cut they obtained by using 
crossing symmetry. This discrepancy is due to 
a mathematical error in their iterative procedure 
which leads to the wrong branch of the quadratic 
relation between real and imaginary parts of a 
function and its inverse beyond y~ -15,7. In fact, 
the left-hand cut in their solution is practically 
zero for v<-15,?, whereas the left-hand cut cal- 
culated by crossing approaches a fairly large con- 
stant (~10).” This explains the apparent insensi- 
tivity of their solution to the cutoff and the formal 
convergence of their iteration even without a cut- 
off. However, it is clear that the cutoff is in ef- 
fect present in their solution. Now, a more im- 
portant question to be asked is whether the inverse 
amplitude of Bransden and Moffat contains any 
zero on the left. The answer is that if the left- 
hand discontinuity is literally cut off anywhere 
within the range -500Sv<-1, then there is a zero 
in the inverse function of the P-wave amplitude in 
the neighborhood of v~ -500. If the scheme of 
Bransden and Moffat is carried out without a cut- 
off, then this zero will be displaced slightly from 
the negative real axis. In fact, this “far-away” 
pole in the P-wave amplitude is the major contrib- 
utor to the resonance as we would expect. The 
position and residue of this pole are nearly inde- 
pendent of the left-hand cut and almost totally 
determined by two parameters a, and é, which 
were eventually adjusted to fit the S-wave deriva- 
tive conditions at the symmetry point. It is clear 
that one can vary the position and width of the 
resonance substantially by varying a, and é,. The 
derivative conditions can be satisfied by retaining 
a reasonable medium-range left-hand cut in each 
of the S-wave amplitudes. These cuts in the S- 
wave amplitudes are certainly no more unnatural 
than the far-away-yet-dominating pole in the P- 
wave amplitude. By allowing a variation in (q,, é,), 
one would end up with a three-parameter solution 
which would be essentially the same as ours. 

In a recent paper by Zachariasen,° it also ap- 
pears that the position and width of the P-wave 
resonance can be roughly determined without 
introducing any arbitrary parameter (aside from 
parameters for the S-wave amplitudes which he 
did not consider). Again, one can show that the 
far-left portion of the cut is the major contributor 
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ibtrac- to the resonance in Zachariasen’s solution. Here, enological solutions seem to be quite important. 
jeter - the left-hand cut is approximated by the Born term Thus one may hope to reduce the number of phe- 
les. of a vector-meson exchange diagram divided by a nomenological parameters by including the oscil- 
t-hand D function which makes his result unitary. This lating portion of the cut. 
[culated D function becomes quite large in the far-left Finally, we would like to remind the reader 
ot region and hence strongly suppresses the single that so far we have not taken into account inelas- 
y uSing vector-meson cut. This particular choice of the tic scattering in the physical region. However, 
ie to far-away left-hand cut certainly has not been jus- due to the unitarity restriction, production proces- 
cedure tified on any theoretical basis. Thus there is ses are expected to produce fairly small effects 
ratic ample room for doing phenomenological adjust- on the elastic scattering amplitude except under 
fa ments on the far-away left-hand cut which, we situations similar to those discussed by Frazer 
n fact, stress, could change both the position and the and one of us (J.S.B.).?° The prospect of this 
ally width of the resonance by a large amount. latter type of resonances in the pion-pion system 
it cal- So far, we have seen that “near-by” left-hand seems to be rather small. 
© CON= cuts do not play a very significant role in all semi- 
ensi- phenomenological solutions of the low-energy S-P 
‘ormal wave pion=-pion problem. This apparently contra- 'G. F. Chew and S. Mandelstam, Phys. Rev. 119, 467 
a cut dicts the speculation that the lowest mass state (1960). 
n ef- provides the longest range force which dominates J. G. Taylor, Phys. Rev. Letters 6, 237 (1961). 
im- the low-energy scattering. However, the failure a Phys. Rev. Letters 6, 497 (1961). 
inverse ight weli lie in the intuitive correspondence be- BS. H. Bransden and J. W. Melint, Phys. Rev. Let- 
— P ters 6, 708 (1961). 
od tween near-by left-hand cuts and long-range 5. Zachariasen, Phys. Rev. Letters 7, 11° (1961). 
eit- forces.® It is true that partial wave expansions 63. A, Anderson, V. X. Bang, P. G. Burke, D. D. 
re on the left require a cutoff, but the cutoff proce- Carmony, and N. Schmitz, Phys. Rev. Letters 6, 365 
a Zero dure may also cause the truncation of an impor- (1961); D. Stonehill, C. Baltay, H. Courant, W. Fick- 
ude in tant part of the long-range force which must be inger, E. C. Fowler, H. Kraybill, J. Sandweiss, 
of reinstated by phenomenological cuts or poles. J. Sanford, and H. Taft, Phys. Rev. Letters 6, 624 
2 cut- At present. it seems to us that an improved (1960); A. R. Erwin, R. March, W. D. Walker, and 
p ’ p 
from treatment of the left-hand cut may be achieved by nthe hpe cat eS oe eee He Be 
Rushbrooke and D. Radojicic, Phys. Rev. Letters 5, 
jay” using Regge’s integral representation of the scat- _— 567 (1960); E. Pickup, F. Ayer, and E. O, Salant, 
ontrib- | tering amplitude instead of the conventional partial phys. Rev. Letters 5, 161 (1960). 
The wave expansion.® In Regge’s representation, the ™D. Griesinger and J. Patil (private communication). 
inde- P-wave resonance is associated with a pole in the We thank Dr. Griesinger and Dr. Patil for pointing out 
ly complex angular momentum plane. This pole pro- the serious discrepancy between the left-hand cut in 
ch duces an oscillating far-away left-hand cut as well the Bransden-Moffat solution and the left-hand cut cal- 
oriva- as the usual near-by cut. As long as this pole oneen by mineccagrt. irene nguenestecd pi toons 
clear does exist, there is no question that the oscil- Magi ee ee eee 
’ T. Regge, Nuovo cimento 18, 947 (1960). 
he lating cut should be included in the solution. This 107. §, Ball and W. R. Frazer, Phys. Rev. Letters 7, 
The may well explain why far-away cuts in all phenom- 204 (1961). - 
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PRINCIPLE OF EQUIVALENCE FOR ALL STRONGLY INTERACTING PARTICLES 
WITHIN THE S-MATRIX FRAMEWORK” 


Geoffrey F. Chew and S. C. Frautschit 
Lawrence Radiation Laboratory and Department of Physics, University of California, Berkeley, California 
(Received October 30, 1961) 


The notion, inherent in Lagrangian field theory, 
that certain particles are fundamental while others 
are complex, is becoming less and less palatable 
for baryons and mesons as the number of candi- 
dates for elementary status continues to increase. 
Sakata has proposed that only the neutron, proton, 
and A are elementary,’ but this choice is rather 
arbitrary, and strong-interaction consequences 
of the Sakata model merely reflect the established 
symmetries. Heisenberg some years ago pro- 
posed an underlying spinor field that corresponds 
to no particular particle but which is supposed to 
generate all the observed particles on an equiva- 
lent basis.” The spirit of this approach satisfies 
Feynman’s criterion that the correct theory 
should not allow a decision as to which particles 
are elementary,* but it has proved difficult to 
find a convincing mathematical framework in 
which to fit the fundamental spinor field. On the 
other hand, the analytically continued S matrix— 
with only those singularities required by unitar- 
ity‘—has progressively, over the past half decade, 
appeared more and more promising as a basis 
for describing the strongly interacting particles. 
Our purpose here is to propose a formulation of 
the Feynman principle within the S-matrix frame- 
work. 

Particles appear as energy poles of the S ma- 
trix—on the physical sheet if stable, and if unsta- 
ble on an unphysical sheet. When one analyzes 
partial-wave elastic scattering amplitudes with 
neglect of competing processes, it is possible 
to distinguish between poles that correspond to 
bound states or dynamical resonances of the two- 
body system in question and Castillejo-Dalitz - 
Dyson (CDD) poles that correspond to particles 
“independent” of the two-body system.*** How- 
ever, some such CDD poles may not correspond 
to elementary particles when a more careful in- 
vestigation includes competing channels. For ex- 
ample, the Dalitz-Tuan model of the Y* describes 
this particle as a K-N bound state,’ but with re- 
spect to the partial-wave elastic 7-A amplitude 
such a model would normally be considered a 
CDD pole. Evidently one needs a criterion that 
emphasizes no particular configuration of parti- 
cles; the criterion we propose below rests on the 
analytic structure of the S matrix regarded as a 
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simultaneous function of angular momentum and 
energy, quantities which are meaningful for ar- 
bitrary particle combinations. 

Regge has shown for elastic potential scatter - 
ing® and Froissart for any amplitude satisfying 
the Mandelstam representation® that the S matrix 
can be simultaneously continued into the complex 
energy and angular-momentum planes. For scat- 
tering by a superposition of Yukawa potentials, 
all poles are associated with bound states and 
resonances and may be viewed either in the E 
plane for fixed J or in the J plane for fixed E. 

A corollary for the latter viewpoint is that the 
position, a;, of a particular pole in the J plane 
is an analytic function of E, and a;(E) = constant 
turns out not to be allowed. If at some energy the 
value of Rea;(E£) passes through a positive integer 
or zero (with dRea;/dE >0), one has here a phys- 
ical resonance or bound state for J equal to this 
integer, so in general the trajectory of a single 
pole in the J plane as E changes corresponds to a 
family of “particles”—some stable and some un- 
stable —of different J and different mass. It is 
possible for the trajectory of a particular pole 

to cross only the integer 0, but the failure to 
reach higher physical J values would in such a 
case be a dynamical circumstance and would not 
reflect a special role for J=0. It seems intuitive- 
ly clear, therefore, that any such pole appearing 
in the union of the complex J and E planes of the 
full (relativistic) S matrix cannot be associated 
with the usual notion of an elementary particle- 
which emphasizes a particular value of J. We 
may satisfy Feynman’s principle therefore by 
postulating that all poles of the S matrix are of 
this type (Regge poles). 

The reader may wonder how anything but Regge 
poles can occur if simultaneous continuation to 
complex J and £ is possible. The point is that 
for certain internal quantum numbers, the rela- 
tivistic continuation in J may be restricted to a 
region somewhat smaller than that for the nonrel- 
ativistic case (where the limitation in the absence 
of spin is ReJ>-3). In particular, the region ReJ 
<Jmin(£), Jmin(\£)>0, might be excluded. Fol- 
lowing arguments given by Froissart on the basis 
of unitarity and analyticity in linear momenta,”° 
one can show that there are some E for which 
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Jmin<1, but “elementary particle” energy poles, =Jmin(Smin)- Here one is working experimental- 
admitting no continuation in J, could be associated lyin a “crossed” reaction where s is the negative 
with the unique angular momenta J=0 or J=3. square of a momentum transfer. It may turn out 

a Such a conclusion coincides with renormalizability for some poles that spin’ is greater than zero 
requirements of conventional field theory, so if J and the strip in question does not exist, but the 
=4 and J=0 elementary particle poles actually oc- essence of our earlier argument is that there 

. - cur in nature, it may be argued that working direct- should be important situations where the trajec- 

wail ly with the S matrix is simply a technique for eval- tory of the Regge pole is still inside the region 

—s uating conventional field theory.“ On the other of analyticity ReJ >Jmin for a range of negative s. 

on hand, if all baryon and meson poles admit contin- Consider, for instance, the possibility that the 

sini uation in the J plane, then conventional field theo- recently discovered p meson is associated with 
nplex ry for strong interactions is not only unnecessary a Regge pole whose internal quantum ae are 
scat. | but grossly misleading and perhaps even wrong. those of an J= l two-pion configuration.’© Then 
ls. One may regard the principle that all strongly we know experimentally one point on the curve 

- interacting particles are associated with Regge Rea,(s), namely, Reap(28 m;°) =1, since the spin 

E poles as a natural extension to angular momentum _ of the p meson is 1 and its mass 5.3m,. By anal- 

E. of the maximal analyticity principle,” which here- ogy with potential theory, dRea,/ds is probably 

he tofore has been applied only to linear momenta. positive for energies below this resonance.* How- 

ane Maximal analyticity in linear momenta fails to ever, it seems likely for these quantum numbers 
stant specify precisely the asymptotic behavior in mo- that we have Jmin < 0,’* so there is a chance that 
gy the mentum transfer, which is the controlling factor at zero or even slightly negative s, the value of 
nteger in determining the region of analyticity in the J Q@p still is larger than Jmin. [a(s) is real for 

- phys- plane.® real s below the lowest two-particle threshold, 

this How is one to distinguish experimentally between which here occurs at s=4m,’.] In such a circum- 

ngle Regge poles and elementary particle poles? An stance the Regge pole should dominate the high- 

i ts essential characteristic of a Regge pole is that it energy behavior of the crossed channel near the 

is moves in the J plane as a function of £, the trajec- forward (or backward) direction where |s| is 

te ; tory being the same-—regardless of multiplicity — small. In particular, in a two-body reaction, 

sie for all S-matrix elements having the internal quan- such as neutron-proton exchange scattering with 

" tum numbers of the pole.’* Experiments to estab- center-of-mass energy ¢”, the amplitude will 

- lish this trajectory will be of two types, depending have an energy dependence «t*\S). Thus it may 

on on the value of s=E*. For s>0 one will seek to be possible, by studying the asymptotic energy 

ii identify the existence of families of particles. variation of the backward peak in n-p scattering, 

aring Blankenbecler and Goldberger, for example, have _ to trace out a portion of the trajectory of the Regge 

{the } mentioned the possibility that the nucleon is only pole associated with the p meson.?” 

ted the J=4 member of a family that may have unsta- In general, when forward or backward high- 

ae ble higher J members (J= 3, $, etc.) to be found energy scattering is controlled by a Regge pole, 

Ve among the resonances of multiparticle systems one finds by an elementary calculation that 

by with the same baryon number, isotopic spin, etc., ‘ 

— as the nucleon.** One will seek to show that the pare ~F(a2)E 71" (A*) - 1] (1) 
angular momentum of such particles is a mono- 

Regge tonic function of their masses, but since only dis- where A=(-s)”? is the momentum transfer, and 

sto crete J values can be observed and the total num- the lab energy E is proportional to ¢. Now a is 

hat ber of family members is not necessarily large expected to be a monotonically decreasing func - 
rela- (there may be only one physical value crossed by _tion of A”, so two characteristic predictions are 
toa the trajectory) one may confidently anticipate sit- made: (a) The width of the peak should decrease 
onrel- } Uations where the Regge character of a pole is not logarithmically as E increases. (b) The tail of 

ysence | °oVvincingly established by experiments with s>0. the peak should fall off exponentially with A? [the 

i tad For s<0, on the other hand, if the qualitative function F(A”), which is related to the residue of 

Fol- arguments about “strips” in the Mandelstam dia- the Regge pole, is expected to be an analytic func- 

basis | $4m presented by the authors can be taken seri- _ tion of A?]. Both these effects are seen more 

a1 ously,'® then one should be able to study the tra- clearly in a linear approximation for a(s): 

* jectory a;(s) in a continuous sense within the strip 





Smin’<s<0, where smin’ is defined by a;(smin’) 


a(s)=a(0)+sa’(0), (2) 
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from which follows 


2) — ~2(0)] oxpf-[20"(0) InE ja"}. 


(3) 


A third important prediction is that the same con- 
stants, a(0), @’(0), etc., should control all for- 
ward or backward peaks that relate to the same 
set of quantum numbers. Thus the trajectory of 
@p, for example, should control backward 7*7° 
and K*K°® scattering if it controls backward np 
scattering. 

In contrast to the above, an elementary particle 
of spin S would give a forward or backward peak 
characterized by replacing a(A”) by S, a constant, 
in formula (1). Thus the magnitude should fall off 
less rapidly and the shape of the peak should not 
change with increasing energy; also the tail should 
not be exponential. Of course, we already know 
from its quantum numbers that the p meson can- 
not be an elementary particle in the conventional 
sense, and that it almost certainly is associated 
with a Regge pole. The interesting cases will be 
those where the spin is equal to 0 or 3. Here the 
effect on backward peaks of crossed reactions may 
be difficult to find experimentally (because J is 
smaller) but a detailed theoretical analysis of the 
various possibilities seems well worthwhile.” 
For example, it appears that to test whether the 
neutron is elementary one need only determine 
whether in backward 7*p scattering do/dA? de- 
creases like 1/E at high energy, or at a faster 
rate corresponding to a Regge pole with a(0)<3. 

It is a fascinating possibility that all forward 
(diffraction) peaks may be controlled by a Regge 
pole having the same internal quantum numbers 
as the vacuum and with a trajectory such that 
@yac(S =0)=1. Constant high-energy total cross 
sections satisfying the Pomeranchuk conditions 
are then guaranteed. Because of the even parity 
of the vacuum, odd J values here have no physical 
significance, but if at some positive energy 
ReQ@yac crosses the value 2, there would be a 
spin-two particle associated with this pole. We 
apparently must exclude J=0 from the region of 
analyticity if the trajectory of this Regge pole is 
“normal,” because then we would expect A vac(s) 
to vanish at a negative value of s, corresponding 
to a ghost J=0 particle. An exceptional status 
for the quantum numbers of the vacuum appears 
unavoidable whether or not diffraction scattering 
is related to a Regge pole. The existence of con- 
stant high-energy cross sections will inevitably 
put special requirements on analyticity properties 


2 
do/d& ~F(A )E 
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in J for these particular quantum numbers. Our 
principle of maximal analyticity in J, therefore, 
must be amended with the phrase, “consistent 
with the principle of maximum strength for strong 
interactions.”** 

The association of high-energy forward and back- 
ward peaks with Regge poles, together with the 
principle of maximal analyticity inJ, provides a 
natural explanation of why low-mass particles 
tend to have low internal quantum numbers (iso- 
topic spin, strangeness, and baryon number). 
High-energy peaks evidently are a result of co- 
herence in scattering. Maximum coherence-i.e., 
the maximum value of a(0)—occurs for exchange 
of the quantum numbers of the vacuum; the degree 
of coherence progressively decreases with an in- 
crease in the quantum numbers of the exchanged 
system-—with a consequent decrease in the value 
of a(0). (This effect is explicitly illustrated for 
mm scattering in reference 16.) By analytic con- 
tinuation, such a correlation between a(0) and in- 
ternal quantum numbers is likely to be main- 
tained for a(s) in the region of positive s, with 
the consequence that low-energy bound states and 
resonances are most likely to occur for low iso- 
topic spin, low strangeness, and low baryon num- 
ber. 

We note, in conclusion, two experimentally at- 
tractive features of the Regge-pole hypothesis 
for diffraction peaks: (a) Gribov’s argument that 
total cross sections must decrease is circum- 
vented.'® He assumed a factorable high-energy 
dependence on A? and E, which is not true for 
formula (1). (b) As noted by Lovelace,” the ob- 
served exponential behavior in A? of the diffrac- 
tion “tail” is difficult to understand on a classi- 
cal basis but, as we have seen above, it follows 
immediately from a Regge pole. The disagreea- 
ble feature is the predicted logarithmic decrease 
of the elastic cross section while the total cross 
section remains constant. However, if one ad- 
mits that, after all, this may not be a classical 
situation, no clear argument can be made that 
such behavior is inadmissible. We must wait 
for experiment to decide. A related experimental 
test that may be immediately possible is to see if 
the exponential occurring in the tail of pp diffrac- 
tion scattering is the same as that occurring in 7) 
and Kp scattering. 

We should like to acknowledge enormous benefit 
received from conversations with M. Froissart, 
M. Gell-Mann, and S. Mandelstam, without imply- 
ing that they agree with all the arguments given 
here. 
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44 review of the S-matrix theory of strong interactions 
has recently been given by one of the authors (G.F.C.) 
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